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ABSTRACT 

Construction of various buildings in the Bangkok metropolitan region often faces with problems of 

soft clay layer since the layer has a high water content, resulting in low shear strength. This clay is called soft 

Bangkok Clay. Engineering properties of the clay, for this reason, need to be improved before its use. At present, 

cement is used to be mixed with the clay in order to improve its properties, for instance, using cement mixed 

with the clay in order to construct soil cement columns for supporting weight of buildings. The construction of soil 

cement columns requires a large amount of cement in order to reduce cement use; thus, fly ash and Pozzolanic 

materials are promoted to replace cement. Thereby, this research aimed to study mechanical behavior of soft 

Bangkok Clay stabilized by cement and fly ash. The mix proportion of elements used consisted of a liquidity index 

(LI) of 1.0, 1.3 and 1.6. The binder to water content ratios (B/wc) were 0.2, 0.3 and 0.4, which binder were 

cement and fly ash. Finally, the fly ash (FA) used to replace cement at percentages of 0, 15, 30, 45 and 60. The 

improved soil samples were tested in engineering aspect, featuring tests regarding unconfined compressive 

strength, durability under wet-dry cycles condition, and shrinkage by using image processing in dry and wet-

dry cycles condition. From the results of unconfined compressive test, it was concluded that the value of 

unconfined compressive strength decreased when adding fly ash instead of cement in all elements. The results 

of durability test revealed that unconfined compressive strength decreased in all elements when adding wet-dry 

cycles. The results of shrinkage test in dry condition showed that adding fly ash instead of cement resulted in 

shrinkage reduced of all elements. For the result of shrinkage in wet-dry cycles condition, it was found that Initial 

shrinkage significantly increased when adding wet-dry cycles (from 1 to 3 cycles), and examples were collapsed 

after the 3 cycles. All of the testing results were able to be concluded that element proportion of LI1.6B/wc0.3FA15 

was the most suitable element for making soil cement columns. The value of unconfined compressive strength in 

curing of 28 days was 738.53 kPa, which is considered as passing a design criteria of soil cement columns 

determined the value of unconfined compressive strength as not less than 600 kPa for supporting the weight of 

road and embankment. The value of smallest shrinkage was 5.74 percent. This element proportion was able to 

withstand wet-dry cycles condition for 3 rounds with such value of unconfined compressive was 601.37 kPa. The 

value of 3 cycles shrinkage was 7.50 percent, being less than fly ash-free elements.  
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ŏŌŌŪŹ 1 

  

ŏŌŎŨ 

 

ĹŜŧŖűŐŸŎŖŧŲŚťĹŜŧŖşŨĹŦłķŢļŐŦłŠŧ 

ŐŦĽĽŭŏŦŎĶŧŘĶŹŢşŘźŧļŢŧĹŧŘŲŚťşũŹļŐŚŭĶşŘźŧļŊŹŧļ ŷ ŕŧŗŴŎűķŊĶŘŭļűŌœŖŠŧŎĹŘ ŲŚť

ŐŘũŖňņŚŐŘťşŏŐŦłŠŧŴŎĶŧŘŘŦŏŎźŨŠŎŦĶķŢļŉũŎ űŎŬŹŢļĽŧĶĿŦźŎŉũŎűŐŸŎŉũŎűŠŎŪŗŜŢŹŢŎ (soft clay) 

ŉũŎűŠŎŪŗŜŉŦļĶŚŹŧŜŖŪĿŬŹŢűŘŪŗĶŜŹŧ ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ (soft Bangkok clay) űŐŸŎŉũŎŌŪŹŋŮĶœŦŉœŧ

şŮŹŌťűŚŲŚťŎźŨŌťűŚĶŸŠŎŭŎĶŚŦŏűķźŧŖŧŊĶŊťĶŢŎűŐŸŎĿŦźŎ ŷ ŖŪĹŜŧŖŚūĶųŉŗŐŘťŖŧň 15-25 űŖŊŘ 

(ĿŗŧŎŎŌŽ ŝŘŪűĽŘũł ŲŚťĹňť, 0335) ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŖŪŐŘũŖŧňĹŜŧŖĿŬźŎŴŎŖŜŚŉũŎşŮļ 

ĽūļşŹļőŚŴŠźĶŨŚŦļŊźŧŎŌŧŎŲŘļűľŬŢŎ (shear strength) ŲŚťĶŧŘŘŦŏŎźŨŠŎŦĶķŢļŉũŎŊŹŨ ŉźŜŗűŠŊŭŎŪź

ĽūļŊźŢļŖŪĶŧŘŐŘŦŏŐŘŭļĹŭňşŖŏŦŊũŌŧļŜũŝŜĶŘŘŖķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŹŢŎŎŨŴĿźŴŎļŧŎĶŹŢşŘźŧļ 

ŅŧŎŘŧĶ  

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎűŠŎŪŗŜŢŹŢŎŴŎŐŦĽĽŭŏŦŎŎũŗŖŴĿź ŜũōŪĶŧŘőşŖŚūĶ (deep mixing 

methods) ųŉŗŜũōŪŎŪźŴĿźşŧŘűĹŖŪ ĹŬŢ ŐŮŎŀŪűŖŎŊŽ (cement) őşŖűķźŧĶŦŏŉũŎűŠŎŪŗŜ ŜũōŪĶŧŘőşŖŚūĶ

şŧŖŧŘŋŎŨŵŐŐŘťŗŭĶŊŽŴĿźŴŎĶŧŘŌŨűşŧűķŸŖŉũŎŀŪűŖŎŊŽ (soil cement column) ųŉŗĶŧŘŌŨ 

űşŧűķŸŖŉũŎŀŪűŖŎŊŽĽťŴĿźŎźŨŐŮŎ (cement slurry) űķźŧŵŐőşŖĶŦŏŉũŎŲŚźŜŠŚŹŢűŐŸŎűşŧűķŸŖ şŨŠŘŦŏŴĿź

ŴŎĶŧŘŘŢļŘŦŏŎźŨŠŎŦĶķŢļşũŹļĶŹŢşŘźŧļŊŹŧļŷ ň ŏŘũűŜňŌŪŹşŭŹŖűşŪŹŗļŊŹŢĶŧŘűĶũŉĹŜŧŖűşŪŗŠŧŗ

űŎŬŹŢļĽŧĶĶŧŘĶŹŢşŘźŧļŏŎĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎ űĿŹŎ ĶŧŘĶŹŢşŘźŧļĹŢşťœŧŎ ŲŚťĶŧŘĶŹŢşŘźŧļŋŎŎ

ŏŘũűŜňŉũŎűŠŎŪŗŜŢŹŢŎ űŐŸŎŊźŎ ųŉŗŌŦŹŜŵŐűşŧűķŸŖŉũŎŀŪűŖŎŊŽŖŪűşźŎőŹŧŝŮŎŗŽĶŚŧļŐŘťŖŧň 50-60 

űŀŎŊũűŖŊŘ ŲŚťĹŜŧŖŚūĶŐŘťŖŧň 2-15 űŖŊŘ (Őũŗť ŘŦŊŎşŭŜŘŘň ŲŚťŜŘŘňşũŘũ œŦŎōŽŢŭŵŘ, 

0333) ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŖŪĶŧŘŴĿźŐŮŎŀŪűŖŎŊŽŴŎŐŘũŖŧňŖŧĶ ĽūļŌŨŴŠźűŐŚŬŢļ

ĹŹŧŴĿźĽŹŧŗŴŎļŧŎĶŹŢşŘźŧļ ĽŧĶĶŧŘŝūĶŞŧļŧŎŜũĽŦŗķŢļ ĿŗŧŎŎŌŽ ŝŘŪűĽŘũł ŲŚťĹňť (2557) ŵŉź

ŌŨĶŧŘŝūĶŞŧĶŧŘœŦŇŎŧĶŨŚŦļķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŲŚťűşŧűķŸŖŉũŎŀŪűŖŎŊŽőşŖűŋźŧŚŢŗŴŎĿŦźŎ 

ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŤ ųŉŗűŋźŧŚŢŗ (fly ash) ŌŪŹŴĿźűĶũŉĽŧĶĶŧŘűőŧŋŹŧŎŠũŎŴŎĶŘťŏŜŎĶŧŘőŚũŊ

ĶŘťŲşŵŔŔźŧĽťŋŮĶŎŨŖŧőşŖŲŚťŲŌŎŌŪŹŐŘũŖŧňŐŮŎŀŪűŖŎŊŽ ŴŎļŧŎŌŨĶŧŘĶŹŢşŘźŧļ 

űşŧűķŸŖŉũŎŀŪűŖŎŊŽĽŘũļŴŎşŎŧŖ ĽŧĶŎŦźŎűĽŧťűĶŸŏŊŦŜŢŗŹŧļŉũŎŲŚźŜŎŨŖŧŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉ
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ŊŧŖŢŧŗŭĶŧŘŏŹŖŊŦŜŴŎŠźŢļŐńũŏŦŊũĶŧŘ őŚĶŧŘŝūĶŞŧŎŪźşŘŭŐŜŹŧűŋźŧŚŢŗşŧŖŧŘŋűœũŹŖ 

ĶŨŚŦļŘŦŏŲŘļŢŦŉŵŉźűŌŪŗŏűŌŹŧĶŦŏĶŨŚŦļŘŦŏŲŘļŢŦŉķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŦŹŜŵŐ ųŉŗŴĿźŢŦŊŘŧ

şŹŜŎőşŖķŢļűŋźŧŚŢŗŌŪŹűŠŖŧťşŖ ŲŚťűŋźŧŚŢŗşŧŖŧŘŋŚŉĹŹŧŴĿźĽŹŧŗŐŮŎŀŪűŖŎŊŽŴŎļŧŎĶŹŢşŘźŧļ 

ŵŉźŢŗŮŹŌŪŹ 12.75%  

ŊŹŢŖŧŐŦłŠŧşŨĹŦłŢŪĶŢŗŹŧļŠŎūŹļŌŪŹűĶũŉķūźŎŠŚŦļĽŧĶĶŧŘőşŖŉũŎűŠŎŪŗŜĶŦŏŐŮŎŀŪűŖŎŊŽ 

ĹŬŢ ĶŧŘűĶũŉĶŧŘŠŉŊŦŜ (shrinkage) űœŘŧťŎźŨŴŎŖŜŚŉũŎĽťĹŹŢŗ ŷ ŘťűŠŗŢŢĶŵŐŊŧŖĶŧŘ

űŐŚŪŹŗŎŲŐŚļķŢļŢŭňŠŕŮŖũŢŧĶŧŝ ŲŚťĹŜŧŖĿŬźŎşŦŖœŦŌōŽ (relative humidity) ŀūŹļőŚŉŦļĶŚŹŧŜĶŧŘ

űĶũŉŘŢŗŲŊĶ (crack) ŀūŹļŎźŨŴŎŖŜŚŉũŎŲŚťŘŢŗŲŊĶŉŦļĶŚŹŧŜ ŢŧĽŌŨŴŠźűĶũŉőŚĶŘťŌŏŊŹŢ

ųĹŘļşŘźŧļŌŧļŜũŝŜĶŘŘŖōŘňŪŴŎŕŧŗŠŚŦļŵŉź ĽŧĶĶŧŘŝūĶŞŧķŢļ Chompoorat and Likitlersuang 

(2016) ŵŉźŝūĶŞŧœřŊũĶŘŘŖĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ 

ųŉŗļŧŎŜũĽŦŗŎŪźŌŨĶŧŘŝūĶŞŧœřŊũĶŘŘŖĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗųŉŗ

ĶŧŘŴĿźŜũōŪŕŧœŋŹŧŗ (image processing method) Ųŏŏ 2 ŖũŊũ ŴŎŠźŢļŐńũŏŦŊũĶŧŘ ĶŧŘŝūĶŞŧŎŪź

œŏŜŹŧ ĶŧŘőşŖűŋźŧŚŢŗŲŌŎŌŪŹŐŘũŖŧňŐŮŎŀŪűŖŎŊŽşŧŖŧŘŋŚŉĶŧŘŠŉŊŦŜŴŎŖŜŚŉũŎŵŉźųŉŗ

ŐŘũŖŧňűŋźŧŚŢŗŌŪŹűŠŖŧťşŖűŌŹŧĶŦŏ 15% ŎŢĶĽŧĶŎŪź Tang et al. (2008) ŵŉźŝūĶŞŧœřŊũĶŘŘŖ

ĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜ ŕŧŗŴŊźşŕŧŜťĶŧŘűŐŚŪŹŗŎŲŐŚļűŐŪŗĶşŚŦŏŲŠźļųŉŗŴĿźŜũōŪŕŧœŋŹŧŗŲŏŏ 

2 ŖũŊũ ĶŧŘŜũűĹŘŧťŠŽĶŧŘŠŉŊŦŜŲŚťŘŢŗŲŊĶŌŪŹűĶũŉķūźŎŴŎŖŜŚŉũŎŴĿźųŐŘŲĶŘŖ particles and cracks 

analysis system (PCAS) ŌŪŹşŧŖŧŘŋŜũűĹŘŧťŠŽŘŢŗŲŊĶĽŧĶĶŧŘŠŉŊŦŜķŢļŊŦŜŢŗŹŧļŉũŎŢŗŹŧļ

ŚťűŢŪŗŉ ŀūŹļųŐŘŲĶŘŖŉŦļĶŚŹŧŜŲşŉļőŚŚŦœōŽķŢļĹŹŧĽŨŎŜŎŘŢŗŲŊĶ ĹŜŧŖŗŧŜ ĹŜŧŖĶŜźŧļ œŬźŎŌŪŹ 

ŲŚťĹŹŧĹŜŧŖűķźŖŘŢŗŲŊĶ (crack intensity factor, CIF) ŴŎŠŎŹŜŗ œũĶűŀŚ ŊŹŢŖŧ Abd El-Halim 

(0./5' ŵŉźŝūĶŞŧœřŊũĶŘŘŖĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜőşŖĿŧŎŢźŢŗ ŀūŹļűķŧŵŉźŌŨĶŧŘŌŉşŢŏ 

ĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗűĿŹŎűŉŪŗŜĶŦŎĶŦŏļŧŎŜũĽŦŗķŢļ Tang et al. (0..6' ŲŊŹĶŧŘŜũűĹŘŧťŠŽ 

ĶŧŘŠŉŊŦŜŲŚťŘŢŗŲŊĶŌŪŹűĶũŉķūźŎŴĿźųŐŘŲĶŘŖ ImageJ ŲŚťőŚŚŦœōŽķŢļųŐŘŲĶŘŖŎŪźŌŪŹŵŉźĹŬŢ  

ĹŜŧŖŗŧŜ ĹŜŧŖĶŜźŧļ œŬźŎŌŪŹ ĹŹŧŢŦŊŘŧşŹŜŎœŬźŎőũŜŘŢŗŲŊĶ (surface crack ratio) ŠŘŬŢĹŹŧ 

ĹŜŧŖŠŎŧŲŎŹŎŘŢŗŲŊĶ (crack density factor, CDF) ŲŚťĹŹŧĹŜŧŖűķźŖŘŢŗŲŊĶŴŎŠŎŹŜŗ œũĶűŀŚ 

ŲŚťŴŎŠŎŹŜŗűŀŎŊũűŖŊŘ  

ŎŢĶĽŧĶŎŪźűşŧűķŸŖŉũŎŀŪűŖŎŊŽŖŪĹŜŧŖűŐŸŎŵŐŵŉźŌŪŹĽťŵŉźŘŦŏőŚĶŘťŌŏűŎŬŹŢļĽŧĶ

űŐŚŪŹŗŎŲŐŚļĹŜŧŖĿŬźŎŴŊźŉũŎ ŀūŹļŢŧĽŌŨŴŠźűĶũŉĹŜŧŖűşŪŗŠŧŗŊŹŢųĹŘļşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

ŉŦļŎŦźŎļŧŎŜũĽŦŗŎŪźĽūļŵŉźŌŨĶŧŘŝūĶŞŧĹŜŧŖĹļŌŎ (durability) ķŢļŜŦşŉŭőşŖŴŎşŕŧŜťűŐŪŗĶşŚŦŏ
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ŲŠźļ (wetting and drying) ŌŪŹŖŪőŚĶŘťŌŏŊŹŢĹŜŧŖŲķŸļŲŘļķŢļŜŦşŉŭőşŖŲŚťŌŨŴŠźűĶũŉŘŢŗŲŊĶ

ŠŉŊŦŜĽŧĶĶŧŘűŐŚŪŹŗŎŲŐŚļŲŏŏűľŪŗŏœŚŦŎķŢļŢŭňŠŕŮŖũŢŧĶŧŝ ŲŚťĹŜŧŖĿŬźŎ ĽŧĶļŧŎŜũĽŦŗķŢļ 

şŦłŅũŊũ űĽŘũłŝũŚŐŽ ŲŚťĹňť (2561) ŵŉźŌŨĶŧŘŝūĶŞŧĶŧŘŴĿźŊťĶŢŎŉũŎķŭŉŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗşŨŠŘŦŏŎŨŵŐŴĿźűŐŸŎŜŦşŉŭŌŧļ ļŧŎŜũĽŦŗŎŪźŌŨĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉ

œŘźŢŖĶŦŏĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ŉźŜŗŜũōŪĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŲŏŏ

ŜŎŀźŨűŐŸŎŜŦńĽŦĶŘűŐŪŗĶşŚŦŏŲŠźļ ŌŦźļŠŖŉ 6 ŘŢŏ ŲŚźŜŎŨŊŦŜŢŗŹŧļŉũŎŘŢŏŌŪŹ 1 3 ŲŚť 6 ŵŐ

ŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉ ĽŧĶőŚĶŧŘŝūĶŞŧœŏŜŹŧ ŊŦŜŢŗŹŧļŉũŎűŖŬŹŢőŹŧŎşŕŧŜťűŐŪŗĶŖŪĶŧŘşŦŖőŦş

ŎźŨ ŲŚťŎźŨĽťűķźŧŵŐŗŦļĿŹŢļŜŹŧļŕŧŗŴŎŊŦŜŢŗŹŧļŉũŎ űŖŬŹŢőŹŧŎşŕŧŜťŲŠźļĽťűĶũŉĶŧŘŠŉŊŦŜķŢļ 

ŉũŎűŠŎŪŗŜűœŘŧťűĶũŉĶŧŘşŮłűşŪŗŎźŨ ŌŨŴŠźűĶũŉŘŢŗŲŊĶķŪźŎŖŧŴŠŖŹ ŲŚťűĶũŉŲŘļŉūļŕŧŗŴŎŊŦŜŢŗŹŧļ 

ŌŨŴŠźĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉķŢļŉũŎĽťŚŉŚļűŖŬŹŢűœũŹŖĽŨŎŜŎŘŢŏĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜť

űŐŪŗĶşŚŦŏŲŠźļ ĽŧĶĶŧŘŝūĶŞŧļŧŎŜũĽŦŗŌŦźļŠŖŉŌŪŹŵŉźĶŚŹŧŜŖŧ œŏŜŹŧļŧŎŜũĽŦŗŖŭŹļűŎźŎŝūĶŞŧŵŐŌŪŹ

űŘŬŹŢļŴŉűŘŬŹŢļŠŎūŹļ ŲŊŹŗŦļŵŖŹűĹŗŖŪĶŧŘŌŉşŢŏŉźŧŎĶŨŚŦļ ŉźŧŎĶŧŘŠŉŊŦŜ ŉźŧŎĹŜŧŖĹļŌŎ Ųŏŏ

ŘŹŜŖĶŦŎĶŦŏŉũŎűŠŎŪŗŜŢŹŢŎĿŎũŉűŉŪŗŜ ŠŘŬŢļŧŎŜũĽŦŗŏŧļűŘŬŹŢļŗŦļŵŖŹűĹŗŖŪĶŧŘŌŉşŢŏŲŏŏŘŹŜŖĶŦŎŴŎ

şŕŧŜťŐĶŊũ ŲŚťşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ĶŦŏŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœķŢļŐŘťűŌŝŵŌŗ  

ŉŦļŎŦźŎļŧŎŜũĽŦŗŎŪźĽūļŝūĶŞŧĶŧŘœŦŇŎŧŉźŧŎĶŨŚŦļ ĹŜŧŖĹļŌŎ ŲŚťœřŊũĶŘŘŖĶŧŘŠŉŊŦŜ

ķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ųŉŗĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜĽťŴĿźűŌĹųŎųŚŗŪ

ĶŧŘŋŹŧŗŕŧœ (Image Processing) ŖŧŜũűĹŘŧťŠŽĶŧŘŠŉŊŦŜŢŗŹŧļŚťűŢŪŗŉ ŌŪŹşŕŧŜťŐĶŊũ ŲŚť

şŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ  

 

ŜŦŊŋŭŐŘťşļĹŽ 

ĶŧŘŝūĶŞŧœřŊũĶŘŘŖűĿũļĶŚķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŴŎ

ŠźŢļŐńũŏŦŊũĶŧŘŖŪŜŦŊŋŭŐŘťşļĹŽ ŉŦļŊŹŢŵŐŎŪź 

1. ŝūĶŞŧĹŭňşŖŏŦŊũŉźŧŎĶŨŚŦļķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ űœŬŹŢŎŨŖŧŐŘťŗŭĶŊŽŴĿźŴŎŜũŝŜĶŘŘŖ  

2. ŝūĶŞŧĹŜŧŖĹļŌŎķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽ

ŲŚťűŋźŧŚŢŗ űœŬŹŢŎŨŖŧŐŘťŗŭĶŊŽŴĿźŴŎŜũŝŜĶŘŘŖ 

3. ŝūĶŞŧœřŊũĶŘŘŖĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ŉźŜŗŜũōŪĶŧŘŋŹŧŗŕŧœ ŕŧŗŴŊźşŕŧŜťŐĶŊũ ŲŚťşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ űœŬŹŢ

ŎŨŖŧŐŘťŗŭĶŊŽŴĿźŴŎŜũŝŜĶŘŘŖ 
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ķŢŏűķŊļŧŎ 

ĶŧŘŝūĶŞŧœřŊũĶŘŘŖűĿũļĶŚķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŴŎ

ŠźŢļŐńũŏŦŊũĶŧŘ ŐŘťĶŢŏŉźŜŗķŢŏűķŊļŧŎŉŦļŊŹŢŵŐŎŪź 

1. ŉũŎűŠŎŪŗŜŢŹŢŎŌŪŹŴĿźĹŬŢ ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ ŏŘũűŜňœŬźŎŌŪŹűķŊŊŚũŹļĿŦŎ 

2. űŋźŧŚŢŗŌŪŹŴĿźĹŬŢ űŋźŧŚŢŗĽŧĶųŘļŵŔŔźŧŲŖŹűŖŧť Ţ.ŲŖŹűŖŧť Ľ.ŚŨŐŧļ (fly ash, FA) 

3. ŐŮŎŀŪűŖŎŊŽŌŪŹŴĿźĹŬŢ ŐŮŎŀŪűŖŎŊŽŐŢŘŽŊŲŚŎŉŽ ŐŘťűŕŌŌŪŹ 1 (cement, C) 

4. ĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũœŬźŎŅŧŎķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŐŘťĶŢŏŵŐŉźŜŗ ĶŧŘ 

ŌŉşŢŏķŪŉŲŢŊűŊŢŘŽűŏŢŘŽĶ (Arrcp`cpeýq limit and indices test) ŖŧŊŘŅŧŎ ASTM D 4318 ŲŚť 

ASTM D 427 ĶŧŘŌŉşŢŏŠŧĹŜŧŖŋŹŜļĽŨűœŧťķŢļűŖŸŉŉũŎ (specific gravity test) ŖŧŊŘŅŧŎ 

ASTM D 854 ŲŚť ĶŧŘŠŧķŎŧŉĹŚťűŖŸŉŉũŎ (grain size analysis test) ŖŧŊŘŅŧŎ ASTM  

D 422-63 

5. ŢŦŊŘŧşŹŜŎőşŖŌŪŹŴĿźŴŎĶŧŘŝūĶŞŧŖŪŉŦļŎŪź 

5.1 ĶŧŘŝūĶŞŧĹŭňşŖŏŦŊũŉźŧŎĶŨŚŦļŲŚťĹŜŧŖĹļŌŎķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖ

ŐŮŎŀŪűŖŎŊŽŐŘťĶŢŏŉźŜŗ  

5.1.1 ŢŦŊŘŧşŹŜŎŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŊŹŢŐŘũŖŧňŎźŨŴŎŖŜŚŉũŎ (C/wc) űŌŹŧĶŦŏ 

0.2 0.3 ŲŚť 0.4  

5.1.2 ŉŦĿŎŪĹŜŧŖűŠŚŜ (liquidity index, LI) űŌŹŧĶŦŏ 1.0 1.3 ŲŚť 1.6  

5.2 ĶŧŘŝūĶŞŧĹŭňşŖŏŦŊũŉźŧŎĶŨŚŦļŲŚťĹŜŧŖĹļŌŎķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ

őşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŐŘťĶŢŏŉźŜŗ  

5.2.1 ŢŦŊŘŧşŹŜŎŐŘũŖŧňŜŦşŉŭőşŖŊŹŢŐŘũŖŧňŎźŨ (B/wc) űŌŹŧĶŦŏ 0.3 ŲŚť 0.4 

ųŉŗ B ĹŬŢ ŜŦşŉŭőşŖ (binder) űŐŸŎőŚŘŜŖķŢļŐŮŎŀŪűŖŎŊŽ (C) ŲŚťűŋźŧŚŢŗ (FA) 

5.2.2 ŉŦĿŎŪĹŜŧŖűŠŚŜ (liquidity index, LI) űŌŹŧĶŦŏ 1.6  

5.2.3 ŐŘũŖŧňűŋźŧŚŢŗ (FA) űŌŹŧĶŦŏ 0 15 30 45 ŲŚť 60%  

5.3 ĶŧŘŝūĶŞŧĹŭňşŖŏŦŊũŉźŧŎĶŧŘŠŉŊŦŜŌŪŹşŕŧŜťŐĶŊũ ŲŚťşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ

ķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŐŘťĶŢŏŉźŜŗ  

5.3.1 ŢŦŊŘŧşŹŜŎŐŘũŖŧňŜŦşŉŭőşŖŊŹŢŐŘũŖŧňŎźŨ (B/wc) űŌŹŧĶŦŏ 0.3 ŲŚť 0.4  

5.3.2 ŉŦĿŎŪĹŜŧŖűŠŚŜ (liquidity index, LI) űŌŹŧĶŦŏ 1.3 ŲŚť 1.6  

5.3.3 ŐŘũŖŧňűŋźŧŚŢŗ (FA) űŌŹŧĶŦŏ 0 15 30 45 ŲŚť 60% 

6. ĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũŌŧļŜũŝŜĶŘŘŖķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽ

ŲŚťűŋźŧŚŢŗ 
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6.1 ĶŧŘŌŉşŢŏŲŘļĶŉŌŧļűŉŪŗŜ &unconfined compression test) ŊŧŖŖŧŊŘŅŧŎ 

ASTM D 2166 ŊŧŖŢŦŊŘŧşŹŜŎőşŖ ŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 28 ŲŚť 60 ŜŦŎ 

6.2 ĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ (wetting and drying 

durability) ŊŧŖŖŧŊŘŅŧŎ ASTM D559 ŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 28 ŲŚť 60 ŜŦŎ űļŬŹŢŎŵķŘŢŏŜļĽŘűŐŪŗĶ

şŚŦŏŲŠźļŌŦźļŠŖŉ 6 ŘŢŏ ŲŚźŜŎŨŵŐŌŉşŢŏŲŘļĶŉŌŧļűŉŪŗŜ ň ŘŢŏŌŪŹ 1 3 ŲŚť 6  

7. ĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŐŮŎőşŖŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ 

7.1 ŌŉşŢŏĶŧŘŠŉŊŦŜŉźŜŗŜũōŪŕŧœŋŹŧŗ (image processing method) Ųŏŏ 2 ŖũŊũŴŎ

şŕŧŜťŐĶŊũ ŌŪŹŢŧŗŭŏŹŖ 7 28 60 ŲŚť 90 ŜŦŎ  

7.2 ŌŉşŢŏĶŧŘŠŉŊŦŜŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 ŲŚť 28 ŜŦŎ 

űļŬŹŢŎŵķŘŢŏŜļĽŘűŐŪŗĶşŚŦŏŲŠźļŌŦźļŠŖŉ 6 ŘŢŏ ŲŚźŜŎŨŵŐŋŹŧŗŕŧœ ň ŘŢŏŌŪŹ 1 3 ŲŚť 6  

8. ĶŧŘŜũűĹŘŧťŠŽĶŧŘŠŉŊŦŜŴĿźųŐŘŲĶŘŖ ImageJ œŦŇŎŧųŉŗ Wayne Rasband, National 

Institutes of Health, USA 

9. ĶŧŘŜũűĹŘŧťŠŽŢļĹŽŐŘťĶŢŏōŧŊŭŴĿźĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘş (X-ray 

fluorescence, XRF) űŌĹŎũĹşűŐĶųŊŘűŖŊŘŪŲŏŏĶŘťĽŧŗœŚŦļļŧŎ (energy dispersive 

spectrometry, EDS) ŲŚťĶŧŘŌŉşŢŏųŉŗŴĿźĶŚźŢļĽŭŚŌŘŘŝŎŽŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ 

(scanning electron microscope, SEM) 

 

ŲŎŜŌŧļĶŧŘŉŨűŎũŎļŧŎ 

ķŦźŎŊŢŎŠŚŦĶķŢļŲŎŜŌŧļŉŨűŎũŎĶŧŘŉŦļŲşŉļŴŎŊŧŘŧļ 1 ŲŚťŲőŎŲŎŜŌŧļŉŨűŎũŎĶŧŘ

ŉŦļŲşŉļŴŎŕŧœ 1 ŐŘťĶŢŏŉźŜŗķŦźŎŊŢŎŉŦļŊŹŢŵŐŎŪź 

1. ĹźŎĹŜźŧ ŲŚťŝūĶŞŧļŧŎŜũĽŦŗŲŚťŖŧŊŘŅŧŎŌŪŹűĶŪŹŗŜķźŢļ 

2. ŊŘŜĽşŢŏĹŭňşŖŏŦŊũŌŧļĶŧŗŕŧœĹŭňşŖŏŦŊũŌŧļŜũŝŜĶŘŘŖŲŚťŴŎĹŭňşŖŏŦŊũŌŧļ

űĹŖŪķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ 

3. ŢŢĶŲŏŏŢŦŊŘŧşŹŜŎőşŖşŨŠŘŦŏĶŧŘŌŉşŢŏ űŊŘŪŗŖŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ

őşŖ ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ ŲŚźŜķūźŎŘŮŐŊŦŜŢŗŹŧļ 

4. ŌŉşŢŏŲŘļĶŉŲĶŎűŉŪŗŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ

ŊŧŖşŦŉşŹŜŎőşŖ ŌŪŹşŕŧŜťŐĶŊũ ŲŚťşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ň ŘŢŏŌŪŹ 1 3 ŲŚť 6 ŊŧŖŘťŗťĶŧŘ

ŏŹŖŊŦŜķŢļŊŦŜŢŗŹŧļ 
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5. ŌŉşŢŏĶŧŘŠŉŊŦŜŉźŜŗŜũōŪĶŧŘŋŹŧŗŕŧœķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽ

ŲŚťűŋźŧŚŢŗŊŧŖşŦŉşŹŜŎőşŖ ŌŪŹşŕŧŜťŐĶŊũ ŲŚťşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ŊŧŖŘťŗťĶŧŘŏŹŖŊŦŜķŢļ

ŊŦŜŢŗŹŧļ 

6. ŎŨĹŹŧŌŪŹŵŉźĽŧĶĶŧŘŌŉşŢŏŎŨŖŧŜũűĹŘŧťŠŽŲŚťŐŘťűŖũŎőŚ ŘŜŖŵŐŋūļĶŧŘŜũűĹŘŧťŠŽ

őŚŌŧļűĹŖŪ űœŬŹŢŗŬŎŗŦŎőŚĶŧŘŌŉşŢŏŉźŧŎĶŨŚŦļ ŲŚťĹŜŧŖŲķŸļŐŘťĶŢŏŵŐŉźŜŗ XRF EDS ŲŚť 

SEM 

7. ŜũűĹŘŧťŠŽőŚĶŧŘŌŉşŢŏ 

8. şŘŭŐőŚĶŧŘŌŉşŢŏŲŚťĽŦŉŌŨŘŧŗļŧŎŜũŌŗŧŎũœŎōŽľŏŦŏşŖŏŮŘňŽ  

 

ŐŘťųŗĿŎŽŌŪŹĹŧŉŜŹŧĽťŵŉźŘŦŏ 

ĶŧŘŝūĶŞŧœřŊũĶŘŘŖűĿũļĶŚķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŴŎ

ŠźŢļŐńũŏŦŊũĶŧŘŖŪŐŘťųŗĿŎŽŌŪŹĹŧŉŜŹŧĽťŵŉźŘŦŏŉŦļŊŹŢŵŐŎŪź 

 1. ŵŉźŌŘŧŏĹŭňşŖŏŦŊũŉźŧŎĶŨŚŦļŘŦŏŲŘļķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœ

ŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ 

2. ŵŉźŌŘŧŏĶŧŘşŮłűşŪŗŉźŧŎĶŨŚŦļŘŦŏŲŘļŢŦŉ ŲŚťœřŊũĶŘŘŖŘŢŗŲŊĶĽŧĶĶŧŘŠŉŊŦŜ 

ųŉŗŌŉşŢŏĹŜŧŖĹļŌŎŌŪŹşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœ

ŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ  

3. ŵŉźŌŘŧŏœřŊũĶŘŘŖĶŧŘŠŉŊŦŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ųŉŗŜũōŪŕŧœŋŹŧŗ 

4. şŦŉşŹŜŎŌŪŹűŠŖŧťşŖşŧŖŧŘŋŎŨŖŧŲĶźŐŦłŠŧĶŧŘŠŉŊŦŜ űœũŹŖĶŨŚŦļŴŎĶŧŘŘŦŏŎźŨŠŎŦĶ 

ŲŚťűœũŹŖĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŵŉź 

5. şŹļűşŘũŖŴŠźŖŪĶŧŘŎŨűŋźŧŚŢŗŖŧŴĿźŲŌŎŌŪŹŐŮŎŀŪűŖŎŊŽ űœŬŹŢŚŉĹŹŧŴĿźĽŹŧŗķŢļųĹŘļĶŧŘŴŎ

ŢŎŧĹŊŵŉź 
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ŊŧŘŧļ 1 ŲőŎĶŧŘŉŨűŎũŎļŧŎ 

ŌŪŹ ŘŧŗŚťűŢŪŗŉĶŧŘŉŨűŎũŎļŧŎ ŐŪ œ.ŝ. 2562 ŐŪ œ.ŝ. 2563 

Ķ.ŗ. Ŋ.Ĺ. œ.ŗ. ō.Ĺ. Ŗ.Ĺ. Ķ.œ. ŖŪ.Ĺ. űŖ.ŗ. œ.Ĺ. 

1. ĹźŎĹŜźŧŲŚťŝūĶŞŧķźŢŖŮŚŌŪŹ

űĶŪŹŗŜĶŦŏœřŊũĶŘŘŖŉźŧŎĶŨŚŦļ

ŲŚťĶŧŘŠŉŊŦŜķŢļŉũŎőşŖ

ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ 

                  

2. ŌŉşŢŏĹŭňşŖŏŦŊũœŬźŎŅŧŎķŢļ

ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ

ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ 

                  

3. ŢŢĶŲŏŏŢŦŊŘŧşŹŜŎőşŖ ŲŚť

ŜũōŪĶŧŘŌŉşŢŏ 

                  

4. űŊŘŪŗŖŊŦŜŢŗŹŧļŜŦşŉŭŲŚťŌŨĶŧŘ

ķūźŎŘŮŐŊŦŜŢŗŹŧļŊŧŖŢŦŊŘŧ

şŹŜŎőşŖ  

                  

5. ŌŨĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũŉźŧŎ

ĶŨŚŦļ ĹŜŧŖĹļŌŎŲŚť ĶŧŘŠŉ

ŊŦŜŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ  

                  

6. şŘŭŐŲŚťŜũűĹŘŧťŠŽőŚĶŧŘ

ŌŉşŢŏ 

                  

7. ĽŦŉŌŨŘŮŐŲŏŏŘŧŗļŧŎļŧŎŜũĽŦŗ                   

 

*** ŘťŗťűŜŚŧĶŧŘŉŨűŎũŎĶŧŘŢŧĽŖŪĶŧŘűŐŚŪŹŗŎŲŐŚļŊŧŖĹŜŧŖűŠŖŧťşŖ 
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ŕŧœ 1 ŲőŎĶŧŘŉŨűŎũŎļŧŎ 

ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŢŦŉŲĶŎűŉŪŗŜ  

ŌŏŌŜŎļŧŎŜũĽŦŗŏŌĹŜŧŖŌŪŹűĶŪŹŗŜķźŢļ 

ŲŚťĽŦŉŠŧŊŦŜŢŗŹŧļŉũŎ 

ŌŨĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũœŬźŎŅŧŎ 

ķŢļŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ 

1.Atterberg limits 

2.Specific gravity 

3.Grain-size analysis 

  

ŢŢĶŲŏŏŢŦŊŘŧşŹŜŎőşŖŲŚť

ŜũōŪĶŧŘŌŉşŢŏ 

űŊŘŪŗŖŊŦŜŢŗŹŧļŜŦşŉŭŲŚťŌŨĶŧŘőşŖ

ŊŦŜŢŗŹŧļŊŧŖŢŦŊŘŧşŹŜŎőşŖŌŪŹŢŢĶŲŏŏ  

ŕŧŗŴŊźşŕŧŜťŐĶŊũ ŌŪŹ

ŢŧŗŭĶŧŘŏŹŖ 7 28 ŲŚť 

60 ŜŦŎ  

ŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏ

ŲŠźļ ŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 28 

ŲŚť 60 ŜŦŎ ŜļĽŘűŐŪŗĶ

şŚŦŏŲŠźļ 6 ŘŢŏ 

ŕŧŗŴŊźşŕŧŜťŐĶŊũ

ŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 28 

60 ŲŚť 90 ŜŦŎ 

ŎŨőŚĶŧŘŠŉŊŦŜŖŧŜũűĹŘŧťŠŽŴŎųŐŘŲĶŘŖ ImageJ 

ŜũűĹŘŧťŠŽŲŚťŐŘťűŖũŎőŚĶŧŘŌŉşŢŏ 

şŘŭŐőŚĶŧŘŌŉşŢŏ ŲŚťűşŎŢŲŎŜŌŧļŝūĶŞŧļŧŎŜũĽŦŗŴŎŢŎŧĹŊ 

ĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜÕ­èãèõÙöáóß×¬óã 

ŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏ

ŲŠźļŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 ŲŚť 

28 ŜŦŎ ŜļĽŘűŐŪŗĶşŚŦŏŲŠźļ 

6 ŘŢŏ 

ŌŨĶŧŘŌŉşŢŏ 

1.x-ray fluorescence (XRF) 

2.energy dispersive spectrometry (EDS) 

3.scanning electron microscope (SEM) 



 

 

 

ŏŌŌŪŹ 0 

  

űŢĶşŧŘļŧŎŜũĽŦŗŌŪŹűĶŪŹŗŜķźŢļ 
 

ŉũŎűŠŎŪŗŜĶŘŭļűŌœ 

ĶŘŭļűŌœŤ ŊŦźļŢŗŮŹŏŎŌŪŹŘŧŏŚŭŹŖŲŖŹŎźŨ ŲŚťşŧŖűŠŚŪŹŗŖŐŧĶŲŖŹŎźŨűĽźŧœŘťŗŧ ŀūŹļŵŠŚőŹŧŎ

ĶŚŧļŊŢŎŚŹŧļŌŪŹŘŧŏŴŎŐŘťűŌŝŵŌŗ ŉŦļŕŧœ 2 ŊťĶŢŎĹŜŢűŌŢŘŽŎŧŘŪ (quaternary) ķŢļ 

ŕŧĹĶŚŧļŊŢŎŚŹŧļŎŨűşŎŢŚŨŉŦŏŌŪŹŀŦŏŀźŢŎķŢļŊťĶŢŎŉũŎ ŚŭŹŖŎźŨ ŲŚťŊťĶŢŎşŧŖűŠŚŪŹŗŖ ĿŦźŎ

ŉũŎĹŜŢűŌŢŘŽŎŧŘŪŐŘťĶŢŏŉźŜŗŲŐŉĿŦźŎŎźŨ8 ĿŦźŎŎźŨĶŘŭļűŌœŤ &BK) œŘťŐŘťŲŉļ &PD) ŎĹŘŠŚŜļ 

&NL) ŎŎŌŏŭŘŪ &NB) şŧŖųĹĶ &SK) œłŧŵŌ &PT) ōŎŏŭŘŪ &TB) ŲŚťŐŧĶŎźŨ &PN) ŊťĶŢŎűŠŚŹŧŎŪźŋŮĶ

ŲŗĶŢŢĶĽŧĶĶŦŎŉźŜŗĿŦźŎŉũŎűŠŎŪŗŜŠŘŬŢŉũŎŌŘŧŗ ŘťŉŦŏĹŜŧŖŚūĶķŢļœŬźŎŠũŎŗŦļŵŖŹŌŘŧŏŲŎŹĿŦŉ ŲŊŹ

ŘťŉŦŏĹŜŧŖŚūĶķŢļœŬźŎŌŪŹŴŎĶŘŭļűŌœŤ ŎŦźŎŖŪĹŜŧŖŚūĶŊŦźļŲŊŹ 2.. űŖŊŘ ŋūļ /,6.. űŖŊŘ ĶŧŘşŮŏ 

ŎźŨŏŧŉŧŚĽŧĶĿŦźŎŎźŨŚūĶ ŷ ŴŎĿŹŜļŠźŧşũŏŐŪŌŪŹőŹŧŎŖŧ ŠŘŬŢĶŹŢŴŠźűĶũŉĹŜŧŖŉŦŎŴŊźŉũŎŢŗŹŧļŖŧĶŚŉŚļ 

ŴŎĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎŲŚťŢŦŉŊŦŜŵŉźşŮļ ŉŦļŕŧœ 3 ĶŧŘŜũűĹŘŧťŠŽŘŧŗŚťűŢŪŗŉűĶŪŹŗŜĶŦŏőŚĶŘťŌŏ

ķŢļĶŧŘŌŘŭŉŊŦŜķŢļŉũŎŲŉŎĶŘŭļűŌœŀūŹļűĶũŉĽŧĶĶŧŘşŮŏŎźŨŚūĶŚļŵŐŴŎŢŦŎŊŘŧŗŌŧļŕŮŖũŝŧşŊŘŽ 

&ŅŧŎŘŧĶ' ŲŚťųĹŘļĶŧŘŐŘŦŏŐŘŭļŕŧĹœŬźŎŉũŎŘŧŗļŧŎųŉŗ Shibuya et al. (2003) ŲŚť 

Balasubramaniam et al. (2005) 

ŉũŎűŠŎŪŗŜűŐŸŎŉũŎŌŪŹŲşŉļœřŊũĶŘŘŖŲŏŏŖŪĹŜŧŖűĿŬŹŢŖŲŎŹŎ (cohesion) ŲŚťşŕŧœ

œŚŧşŊũĶ (plasticity) ķŎŧŉķŢļŉũŎűŠŎŪŗŜĽťŎũŗŧŖķŎŧŉŢŎŭŕŧĹűŚŸĶĶŜŹŧ 2 ŵŖųĹŘűŖŊŘ (µm)  

ŲŘŹŉũŎűŠŎŪŗŜűŐŸŎşŧŘųĹŘļşŘźŧļőŚūĶ (crystalline) ŌŪŹŖŪųĹŘļşŘźŧļűľœŧťŲŏŏŲőŹŎ (sheet) ųŉŗ

ŐŘťĶŢŏŉźŜŗŢŎŭŕŧĹĿŎũŉűœŚŊ (plate) (şŭűĿŞŅŭŽ ŚũķũŊűŚŢşŘŜļ, 2551) 

ŚŦĶŞňťűľœŧťķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœ (characteristic of Bangkok Clay) ĽŧĶļŧŎŜũĽŦŗ

ŲŚťĶŧŘŝūĶŞŧŴŎŢŉŪŊŠŚŧŗœŬźŎŌŪŹ ŌŨŴŠźŌŘŧŏŜŹŧŉũŎűŠŎŪŗŜĶŘŭļűŌœŖŪĹŭňşŖŏŦŊũŌŦŹŜŵŐŌŪŹŴĶŚźűĹŪŗļ

ĶŦŎ űĿŹŎĶŧŘŝūĶŞŧĿŦźŎŉũŎŏŘũűŜňŲŖŹŎźŨűĽźŧœŘťŗŧķŢļ ĿŦŗ ŖŭĶŊœŦŎōŭŽ ŴŎŐŪ œ,ŝ,2510  

(ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) ŵŉźŲşŉļķźŢŖŮŚķŢļĿŦźŎŉũŎ ŉŦļŕŧœ 4 
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ŕŧœ 0 ŲőŎŌŪŹōŘňŪŜũŌŗŧķŢļŲŠŚŹļĹŜŢűŌŢűŘŎŧŘŪŴŎŌŪŹŘŧŏŕŧĹĶŚŧļŊŢŎŚŹŧļķŢļŐŘťűŌŝŵŌŗ 

ŌŪŹŖŧ: Sinsakul (2000) 

 

 

ŕŧœ 3 ĹŜŧŖŉŦŎŴŎĿŦźŎŴŊźŉũŎķŢļœŬźŎŌŪŹĶŘŭļűŌœ 

ŌŪŹŖŧ: Surarak et al. (2012) 
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ŕŧœ 4 ķźŢŖŮŚĿŦźŎŉũŎűŠŎŪŗŜĶŘŭļűŌœŤ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ (2556) 

 

ĽŧĶļŧŎŜũĽŦŗķŢļ Kim (1991) ŲşŉļĹŭňşŖŏŦŊũœŬźŎŅŧŎķŢļĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŤ 

ŉŦļŊŧŘŧļ 2 

ŊŧŘŧļ 2 ĹŭňşŖŏŦŊũķŢļĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœŤ (Kim, 1991) 

ĹŭňşŖŏŦŊũ ĹŹŧ ŠŎŹŜŗ 

ĹŜŧŖĿŬźŎŴŎŖŜŚŉũŎŊŧŖōŘŘŖĿŧŊũ 81 % 

ķŪŉĽŨĶŦŉűŠŚŜ, LL (%) 98 % 

ķŪŉĽŨĶŦŉœŚŧşŊũĶ, PL (%) 37 % 

ŉŦĿŎŪœŚŧşŊũĶ, PI (%) 61 % 

ŉŦĿŎŪűŠŚŜ, LI (%) 0.73 - 

ĹŹŧűľŚŪŹŗŠŎŹŜŗŎźŨŠŎŦĶ 14.8 kN/m3 

ĹŜŧŖŋŹŜļĽŨűœŧť 2.69 - 

ŐŘũŖŧňŉũŎűŠŎŪŗŜ 70 % 

ŐŘũŖŧňŊťĶŢŎ 24 % 

ŐŘũŖŧňŌŘŧŗ 6 % 
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ķźŢŖŮŚĽŧĶļŧŎŜũĽŦŗķŢļ şŖĿŧŗŴŎŐŪ œ,ŝ,2513 &ŎœŎŦŎŌŽ œŘŘňķŧŖ, 0334' Ųşŉļ

ĹŭňşŖŏŦŊũœŬźŎŅŧŎķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤ ŴŎĿŦźŎŉũŎŌŦŏŋŖ (Weathered layer) ŲŚťĿŦźŎŉũŎűŠŎŪŗŜ

ŢŹŢŎ (Soft clay) ŉŦļŊŧŘŧļ 3  

 

ŊŧŘŧļ 3 ĹŭňşŖŏŦŊũœŬźŎŅŧŎķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤ (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) 
 

ĹŭňşŖŏŦŊũ 
ĿŹŜļŌŦŹŜŵŐ 

* ŉũŎűŠŎŪŗŜŊŧĶŚŖ ** ŉũŎűŠŎŪŗŜŢŹŢŎ 

ĶŧŘĶŘťĽŧŗķŎŧŉŢŎŭŕŧĹ     

ŌŘŧŗ 2.0 - 0.06 ŖŖ. (%)  1-2 1-3 

ŊťĶŢŎ 0.06 - 0.002 ŖŖ. (%) 43 - 47 38-43 

ŉũŎűŠŎŪŗŜ  < 0.002 ŖŖ. (%) 52-56 54-61 

ĹŜŧŖĿŬźŎŴŎŖŜŚŉũŎŊŧŖōŘŘŖĿŧŊũ, w (%) 71-85 77-91 

ķŪŉĽŨĶŦŉűŠŚŜ, LL (%) 81-88 82-94 

ķŪŉĽŨĶŦŉœŚŧşŊũĶ, PL (%) 33-36 35-39 

ŉŦĿŎŪœŚŧşŊũĶ, PI (%) 45-52 45-58 

ŉŦĿŎŪűŠŚŜ, LI (%) 0.72-0.96 0.80-1.00 

ĶŧŘŌŨļŧŎ 0.87-0.92 0.77-1.01 

ĹŜŧŖŋŹŜļĽŨűœŧť 2.67-2.69 2.66-2.69 

ŠŎŹŜŗŎźŨŠŎŦĶŘŜŖ (t/m2) 1.56-1.9 1.50-1.52 

ĹŜŧŖŵŜŊŦŜ 

  

  

-ĶŧŘŌŉşŢŏŲŘļűľŬŢŎŴŎ

şŎŧŖ 3-4 3-8 

-ĶŧŘŌŉşŢŏŲŘļűľŬŢŎŴŎ

ŠźŢļŐńũŏŦŊũĶŧŘ 4-8 3-6 

-ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏ

ŲŘļŢŦŉŲĶŎűŉŪŗŜ 4-12 4-14 

şŪ űŌŧűķźŖ 

ĹŜŧŖűŠŎŪŗŜŲŎŹŎ ŢŹŢŎ 

* ĹŜŧŖŚūĶ 2.50-4.50 Ŗ, ĽŧĶœŬźŎőũŜŉũŎűŉũŖ (( ĹŜŧŖŚūĶ 4.50-7.50 Ŗ, ĽŧĶœŬźŎŉũŎűŉũŖ 
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ĿŦźŎŉũŎŊŧŖŲŎŜŌŧļŘŋŵŔĿŹŜļŊŚũŹļĿŦŎ-ŎĹŘŐŅŖ ŉŦļŲşŉļŴŎŕŧœ 5 űŐŸŎĿŦźŎŉũŎŴŎœŬźŎŌŪŹ

ŀūŹļŢŗŮŹŚūĶűķźŧŵŐŴŎŲőŹŎŉũŎ ŐŘťŖŧňŊŢŎűŠŎŬŢķŢļĶŘŭļűŌœŤ ųŉŗŜŧļŢŗŮŹŌŧļŀŪĶŊťŜŦŎŊĶ

ŐŘťĶŢŏŉźŜŗĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎŐŘťűŕŌŉũŎűŠŎŪŗŜŌťűŚ (marine clay) ŠŎŧŐŘťŖŧň 10-12 

űŖŊŘ ŴŊźĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎűŐŸŎĿŦźŎŉũŎűŠŎŪŗŜŐŧŎĶŚŧļŌŪŹőũŜŏŎűŐŸŎŘŹŢļ-ŲŢŹļ ŜŧļŊŦŜŢŗŮŹŏŎĿŦźŎŉũŎ

űŠŎŪŗŜŢŹŢŎŲķŸļ ŲŚť/ŠŘŬŢ ŲķŸļŖŧĶ ĿŦźŎŉũŎűŠŎŪŗŜşŢļşŹŜŎŠŚŦļŎŪźŖŪĹŜŧŖŠŎŧŲŐŘűŐŚŪŹŗŎŖŧĶ  

ŖŪŘŹŢļŘŢŗĶŧŘĶŦŉűŀŧťķŢļőũŜŠŎźŧŉũŎŖŧĶ ŘŜŖĹŜŧŖŠŎŧķŢļŌŦźļşŢļĿŦźŎŵŉźŐŘťŖŧň 3-10 ĶŜŹŧ

űŖŊŘ ŋŦŉŚļŵŐĽūļűŐŸŎĿŦźŎŌŘŧŗŌŪŹŲŎŹŎŖŧĶ őũŜŏŎķŢļĿŦźŎŌŘŧŗŎŪźŖŪŘŹŢļ-ŲŢŹļşŮļŊŹŨŊŚŢŉşŧŗŌŧļ

ĿŦźŎŌŘŧŗŎŪźŖŪĹŜŧŖŠŎŧŵŖŹŖŧĶŎŦĶŲŚťŵŖŹşŖŹŨűşŖŢ ŴŊźĿŦźŎŌŘŧŗŗŦļœŏŘŹŢļŘŢŗķŢļĿŦźŎŉũŎűŠŎŪŗŜ

ŲķŸļ-ŲķŸļŖŧĶŲŌŘĶŢŗŮŹ ŉŦļŲşŉļŴŎŕŧœ 6 ŲŚťĶŘŧŔĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŹŧĶŨŚŦļŘŦŏŲŘļűľŬŢŎ

ŲŏŏŵŖŹŘťŏŧŗŎźŨ (undrained shear strength, su) ĶŦŏ ŘťŉŦŏĹŜŧŖŚūĶ (depth) œŬźŎŌŪŹŊŚũŹļĿŦŎ-

ŎĹŘŐŅŖ ŉŦļŲşŉļŴŎŕŧœ 7  ŀūŹļŉũŎŌŪŹŴĿźŴŎļŧŎŜũĽŦŗŎŪźűŐŸŎ ŋŎŎşŧŗĶŧłĽŎŕũűŞĶ-œŭŌōŖŎŌŎ

şŧŗ 2 ŀūŹļűŐŸŎœŬźŎŌŪŹŴĶŚźűĹŪŗļĶŦŏŲŎŜŌŧļŘŋŵŔşŧŗŊŚũŹļĿŦŎ-ŎĹŘŐŅŖ ĹŭňşŖŏŦŊũķŢļŉũŎĿŹŜļŎŪź 

ŉŦļŲşŉļŴŎŊŧŘŧļ 4  

 

 

ŕŧœ 5 ŲŎŜŌŧļŘŋŵŔşŧŗŊŚũŹļĿŦŎ-ŎĹŘŐŅŖ 

ŌŪŹŖŧ: Ŝ,ş,Ō, &030.' 



 

 

  14 

 

ŕŧœ 4 ŚŦĶŞňťĿŦźŎŉũŎŊŧŖŲŎŜŌŧļŘŋŵŔşŧŗŊŚũŹļĿŦŎ-ŎĹŘŐŅŖ  

ŌŪŹŖŧ: Ŝ,ş,Ō, &2520) 

 

ŕŧœ 5 ĶŘŧŔĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ su ĶŦŏ depth ŊŧŖŲŎŜŌŧļŘŋŵŔĿŹŜļŊŚũŹļĿŦŎ-ŎĹŘŐŅŖ 

ŌŪŹŖŧ: Ŝ,ş,Ō, &2520) 
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ŊŧŘŧļ 2 ĹŭňşŖŏŦŊũķŢļŉũŎ &Ŝ,ş,Ō,, 030.' 

 

ĿŦźŎŉũŎ ĹŜŧŖŚūĶ 

(Ŗ.) 

ŐŘũŖŧňŎźŨ

ŴŎŖŜŚŉũŎ 

(%) 

ķŪŉĽŨĶŦŉ

űŠŚŜ (%) 

ķŪŉĽŨĶŦŉ

œŚŧşŊũĶ 

(%) 

ŉŦĿŎŪűŠŚŜ 

ųŀŎűŐŚŬŢĶųŚĶ

(crustal zone) 

0-4.5 20-60 45-70 20-30 0.2-1 

ųŀŎŊťĶŢŎ

ŌťűŚ(marine 

sediment 

zone) 

10-15 45-75 50-80 20-30 0.5-1.3 

 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ 

ŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎşŧŖŧŘŋŲŏŹļűŌĹŎũĹŢŢĶŵŉźűŐŸŎ 4 ĶŚŭŹŖ ŵŉźŲĶŹ  

ĶŧŘŐŘŦŏŐŘŭļűĿũļĶŚ &Mechanical modification) ĶŧŘŐŘŦŏŐŘŭļŌŧļŵţŉŘŢŚũĶ &hydraulic 

modification) (ŖŦĶŌŨŴŎşŎŧŖ' ĶŧŘŐŘŦŏŐŘŭļųŉŗĶŧŘőşŖşŧŘűĹŖŪ &chemical modification) ŲŚť

ĶŧŘŐŘŦŏŐŘŭļųŉŗĶŧŘűşŘũŖĶŨŚŦļ &modification by inclusions and confinement) ųŉŗŘŧŗļŧŎŜũĽŦŗ 

ľŏŦŏŎŪźĽťűŎźŎŋūļĶŧŘŐŘŦŏŐŘŭļŉũŎŉźŜŗĶŧŘŴĿźĶŧŘőşŖşŧŘűĹŖŪűŌŹŧŎŦźŎ 

United State Airforce ŴŎŐŪ Ĺ,ŝ, 1966 &ŎœŎŦŎŌŽ œŘŘňķŧŖ, 0334' ŵŉźűşŎŢŜũōŪ 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎųŉŗŲŏŹļŊŧŖķŎŧŉŲŚťĹŹŧŉŦĿŎŪœŚŧşŊũĶ (plastic index) ŉŦļŲşŉļŴŎ

ŊŧŘŧļ 5 ŲŚť Metcalf ŴŎŐŪ Ĺ,ŝ,1977 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) ŵŉźűşŎŢĶŧŘűŚŬŢĶŜũōŪ 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ ŉŦļŕŧœ 8 ŀūŹļŜũōŪĶŧŘĽťŊźŢļűŚŬŢĶŜũōŪŌŪŹűŠŖŧťşŖŌŪŹşŭŉŴŎŲŊŹŚťĿŎũŉķŢļ

ŉũŎ ųŉŗĹŨŎūļŋūļŢũŌōũœŚķŢļķŎŧŉķŢļűŖŸŉŉũŎűŐŸŎŠŚŦĶ 

 

ŜŦŊŋŭŐŘťşļĹŽķŢļĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŌŧļűĹŖŪ 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœķŢļŉũŎűŐŸŎĶŧŘŌŨŴŠźŉũŎŊŧŖōŘŘŖĿŧŊũŖŪĹŜŧŖşŧŖŧŘŋŴŎ 

ĶŧŘŘŦŏŲŘļŲŏĶŌŧŎ (bearing capacity) ŵŉźŉŪķūźŎŲŚťŌŎŌŧŎŊŹŢĶŧŘşūĶŠŘŢ ŜũōŪĶŧŘŐŘŦŏŐŘŭļŉũŎ

ŢŧĽűŐŸŎĶŧŘŏŉŢŦŉŴŠźŲŎŹŎŠŘŬŢĶŧŘŴĿźşŧŘőşŖűœũŹŖ űĿŹŎ ŐŮŎŀŪűŖŎŊŽ ųŉŗ Circeo et al. (1962) 

ĶŚŹŧŜŜŹŧ ĶŧŘŴşŹŐŮŎŀŪűŖŎŊŽŚļŴŎŉũŎűŐŸŎĶŧŘűŐŚŪŹŗŎşŖŏŦŊũŲŚťųĹŘļşŘźŧļķŢļŉũŎ ųŉŗŉũŎ 
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ŊŧŘŧļ 3 ŜũōŪŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎĿŎũŉŊŹŧļ ŷ (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) 
 

ĿŎũŉŉũŎ ŜũōŪĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŌŪŹŵŉźŐŘťşũŌōũŕŧœŖŧĶ

ŌŪŹşŭŉ 

ŉũŎűŖŸŉŠŗŧŏ (coarse 

granular) 

őşŖŲŢşŔŦŚŌŽ &asphalt)  

őşŖŐŮŎŀŪűŖŎŊŽ (cement)  

őşŖŐŮŎķŧŜŲŚťűŋźŧŚŢŗ (lime and fly ash) 

ŉũŎűŖŸŉŚťűŢŪŗŉ (fine granular) őşŖŲŢşŔŦŚŌŽ  

őşŖŐŮŎŀŪűŖŎŊŽ  

őşŖŐŮŎķŧŜŲŚťűŋźŧŚŢŗ  

őşŖĹŘŢŵŚŉŽ (chloride) 

ŉũŎűŠŎŪŗŜŐŦŹŎŊŹŨ  

(clay, low plasticity) 

őşŖŐŮŎŀŪűŖŎŊŽ  

őşŖŐŮŎķŧŜ  

(ŉũŎűŠŎŪŗŜŐŦŹŎşŮļ)  

(clay, high plasticity) 

őşŖŐŮŎķŧŜ  

 

 

ŕŧœ 6 ŜũōŪĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŌŪŹŲŐŘőŦŎŊŧŖķŎŧŉķŢļűŖŸŉŉũŎ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ (2556) 
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űĶŬŢŏŌŭĶĿŎũŉşŧŖŧŘŋŐŘŦŏŐŘŭļĹŭňŕŧœŵŉź ŲŊŹĽťŴŠźőŚŌŪŹŲŊĶŊŹŧļĶŦŎŋūļŲŖźŜŹŧŉũŎĽťŖŪşŖŏŦŊũ

ŌŧļŉźŧŎŔũşũĶşŽ (physics) ŌŪŹűŠŖŬŢŎĶŦŎŲŚťŴĿźŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŌŪŹŖŧőşŖűŌŹŧĶŦŎ ŌŦźļŎŪźűœŘŧťŉũŎ 

ŖŪşŖŏŦŊũŌŧļűĹŖŪ (chemical property) ŵŖŹűŠŖŬŢŎĶŦŎ ŀūŹļşŖŏŦŊũŉŦļĶŚŹŧŜŖŪőŚŊŹŢĶŨŚŦļķŢļŉũŎ 

Mitchell ŴŎŐŪ Ĺ,ŝ,1982 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) ĶŚŹŧŜŵŜźŜŹŧ ŜŦŊŋŭŐŘťşļĹŽŴŎĶŧŘ

őşŖşŧŘűĹŖŪŚļŴŎŉũŎĶŸűœŬŹŢŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ űĿŹŎ ĹŜŏĹŭŖĶŧŘűŐŚŪŹŗŎŲŐŚļŐŘũŖŧŊŘ  

űŐŸŎŊźŎ ųŉŗĶŧŘűŐŚŪŹŗŎŲŐŚļŐŘũŖŧŊŘķŢļŉũŎ ŵŉźŲĶŹ ĶŧŘŏŜŖŊŦŜ ŠŘŬŢĶŧŘŠŉŊŦŜķŢļŉũŎűŖŬŹŢ

ĹŜŧŖĿŬźŎŴŎŉũŎŖŪĶŧŘűŐŚŪŹŗŎŲŐŚļűŎŬŹŢļĽŧĶşŕŧœŕŮŖũŢŧĶŧŝ ŌŨŴŠźŖŪőŚŊŹŢĶŨŚŦļŲŏĶŌŧŎķŢļ

ŉũŎ ĶŧŘĹŜŏĹŭŖĶŧŘűŐŚŪŹŗŎŲŐŚļŐŘũŖŧŊŘķŢļŉũŎşŧŖŧŘŋŌŨŵŉźųŉŗĶŧŘőşŖşŧŘűĹŖŪŌŪŹŖŪ 

ŵţűŉŘĿŦŎŲĹŊŵŢŢŢŎ &hydration cation) ŊŹŨ ŷ űĿŹŎ ŲĹŚűŀŪŗŖ &calcium) ŲŖĶŎŪűŀŪŗŖ 

(magnesium) ŲŚťŢŚŮŖũŎŦŖ &aluminum) űķźŧŵŐŲŌŎŌŪŹŉũŎŌŪŹŖŪşŧŘŐŘťĶŢŏŐŘťűŕŌųŀűŉŪŗŖ 

&sodium) ŠŘŬŢĶŧŘŌŨŴŠźűĶũŉŐńũĶũŘũŗŧŌŪŹĽťŌŨŴŠźűĶũŉĶŧŘŐŘťşŧŎűŖŸŉŉũŎ (cementation) űĶũŉķūźŎ 

ĶŧŘŌŪŹĽťŌŨŴŠźŉũŎşŧŖŧŘŋŘŦŏŲŘļŲŏĶŌŧŎŵŉźŖŧĶķūźŎŠŘŬŢŖŪĶŨŚŦļŖŧĶķūźŎŎŦźŎŌŨŵŉźųŉŗĶŧŘŚŉ

ĿŹŢļŜŹŧļķŢļűŖŸŉŉũŎ ĶŧŘŌŨŴŠźűŖŸŉŉũŎűĿŬŹŢŖŊũŉĶŦŎ ŠŘŬŢĶŧŘŌŨŴŠźűĶũŉĶŧŘĽŦŏŊŦŜűŐŸŎĶźŢŎ 

(flocculation) ŘŜŖŵŐŋūļĶŧŘŐźŢļĶŦŎŵŖŹŴŠźűĶũŉĶŧŘŏŜŖŊŦŜķŢļŉũŎ  

 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŌŧļűĹŖŪ 

şŧŘőşŖűœũŹŖŌŪŹŎŨŖŧŴĿźŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎşŨŠŘŦŏŜŦşŉŭŌŧļŖŪŢŗŮŹŠŚŧŗĿŎũŉ ŉŦļŎŦźŎ 

ĶŧŘűŚŬŢĶŴĿźşŧŘőşŖűœũŹŖĽūļĽŨűŐŸŎŌŪŹĽťŊźŢļœũĽŧŘňŧŋūļşŖŏŦŊũŊŧŖōŘŘŖĿŧŊũķŢļŉũŎŌŪŹĽťŎŨŖŧ

ŐŘŦŏŐŘŭļķŢļļŧŎŜũĽŦŗ Gordon ŴŎŐŪ Ĺ,ŝ,1984 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) şŨŠŘŦŏŉũŎŌŪŹŖŪĹŹŧ

ŉŦĿŎŪœŚŧşŊũĶşŮļ ŷ ŎŦźŎŎũŗŖŴĿź ŐŮŎŀŪűŖŎŊŽ ŐŮŎķŧŜ ŐŮŎŀŪűŖŎŊŽőşŖűŋźŧŚŢŗ ŠŘŬŢŐŮŎķŧŜőşŖ 

űŋźŧŚŢŗ űŐŸŎŊźŎ 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŉźŜŗŜũōŪĶŧŘŴĿźşŧŘűĹŖŪűŐŸŎĶŧŘŐŘŦŏŐŘŭļŉũŎŌŪŹŵŉźŘŦŏĹŜŧŖŎũŗŖ

űŐŸŎŢŗŹŧļŖŧĶŴŎļŧŎŌŧļŉźŧŎŜũŝŜĶŘŘŖ ŀūŹļŖŪşŧŘűĹŖŪŌŪŹŎŨŖŧŴĿźőşŖŎŦźŎŖŪŢŗŮŹűŐŸŎĽŨŎŜŎŖŧĶ ŲŊŹ

ŴŎļŧŎŜũĽŦŗľŏŦŏŎŪźĽťűŎźŎĶŚŹŧŜŋūļŲĹŹŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗűŐŸŎŠŚŦĶ 

1. ŐŮŎŀŪűŖŎŊŽ (cement) 

ŐńũĶũŘũŗŧŐŘťşŧŎŌŪŹşŨĹŦłķŢļŐŮŎŀŪűŖŎŊŽ ĹŬŢ ŐńũĶũŘũŗŧŀŪűŖŎŊŽŵţűŉŘĿŦŎ &cement 

hydration) ŀūŹļűŐŸŎŐńũĶũŘũŗŧŌŪŹűĶũŉķūźŎŢŗŹŧļŘŜŉűŘŸŜ ųŉŗŐńũĶũŘũŗŧŌŪŹűĶũŉķūźŎŘťŠŜŹŧļŐŮŎŀŪűŖŎŊŽĶŦŏŎźŨ

ĽťűĶũŉűŐŸŎşŧŘűĿŬŹŢŖŐŘťşŧŘŌŪŹűŘŪŗĶŜŹŧ ŀŪűŖŎŊŽűĽŚ &cement gel) ŀūŹļĽťĽŦŏŊŦŜŲķŸļűŖŬŹŢŖŪŢŧŗŭ

űœũŹŖķūźŎŲŚťŐŮŎŀŪűŖŎŊŽŲŊŹŚťĿŎũŉĽťŐŘťĶŢŏŉźŜŗşŧŘŲĹŚűŀŪŗŖŀũŚũűĶŊ &calcium silicate) ĿŎũŉ

ŊŹŧļ ŷ ŴŎŐŘũŖŧňŌŪŹŲŊĶŊŹŧļĶŦŎ şŹļőŚŴŠźŖŪĹŜŧŖŲŊĶŊŹŧļŴŎŉźŧŎşŖŏŦŊũĶŧŘŲķŸļŊŦŜ 
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2. űŋźŧŚŢŗ (fly Ash) 

űŋźŧŚŢŗűŐŸŎőŚœŚŢŗŵŉźŢŗŹŧļŠŎūŹļĽŧĶĶŘťŏŜŎĶŧŘőŚũŊĶŘťŲşŵŔŔźŧųŉŗŴĿźŋŹŧŎŠũŎ

űŐŸŎűĿŬźŢűœŚũļ ŴŎŘťŠŜŹŧļĶŧŘűőŧŵŠŖźŋŹŧŎŠũŎ şũŹļŌŪŹŐŎŴŎŋŹŧŎŠũŎ űĿŹŎ ŉũŎűŠŎŪŗŜ (clay) ĹŜŢŌŀŽ 

&quartz) ŲŚť űŔŚŉŽşŐŧŘŽ (feldspar) űŋźŧŚŢŗŖŪĹŭňşŖŏŦŊũűŐŸŎşŧŘŐŢŀųŀŚŧŎ (pozzolan) 

şŦļűĹŘŧťŠŽŐŘťűŕŌŠŎūŹļŖŪşŹŜŎŐŘťĶŢŏŠŚŦĶűŐŸŎŢŦłŘŮŐķŢļŀũŚũĶŧ (silica) ŲŚťŢŚŮŖũŎŧ (alumina) 

űŖŬŹŢŢŗŮŹŴŎşŕŧœŲŠźļŲŚťűŐŸŎőļŒŭŹŎĽťŵŖŹŖŪĹŭňşŖŏŦŊũűŐŸŎşŧŘűĿŬŹŢŖŐŘťşŧŎŘťŠŜŹŧļŢŎŭŕŧĹ ŌŦŹŜŵŐ

űŋźŧŚŢŗĽťŖŪŚŦĶŞňťűŐŸŎőļşŪűŌŧĹŚźŧŗĶŦŏŐŮŎŀŪűŖŎŊŽ ŀūŹļŖŪŚŦĶŞňťĹŹŢŎķźŧļĶŚŖ ŠŘŬŢŢŧĽœŏ

ŘŮŐŘŹŧļŌŪŹŵŖŹŲŎŹŎŢŎ ŌŦźļŎŪźķūźŎŢŗŮŹĶŦŏŢŭňŠŕŮŖũŌŪŹŴĿźűőŧŋŹŧŎŠũŎ ĹŜŧŖŚťűŢŪŗŉķŢļŋŹŧŎŠũŎĶŹŢŎűőŧ 

ŲŚťĿŎũŉķŢļŋŹŧŎŠũŎ ųŉŗŲşŉļŚŦĶŞňťķŢļŢŎŭŕŧĹķŢļűŋźŧŚŢŗŉŦļŕŧœ 9 

ļŧŎŜũĽŦŗķŢļ ŜũĽũŊ ŲŚťĹňť ŴŎŐŪ œ,ŝ,2536 &ŎœŎŦŎŌŽ œŘŘňķŧŖ, 0334' ĶŚŹŧŜŜŹŧ 

űŋźŧŏŧļĿŎũŉşŧŖŧŘŋűĶũŉŐńũĶũŘũŗŧŐŢųŀŚŧŎũĶ &pozzolanic reaction) űŎŬŹŢļĽŧĶűŋźŧŚŢŗŖŪ

şŹŜŎőşŖķŢļŀũŚũĶŧŲŚťŢŚŮŖũŎŧşŮļ ŀūŹļĽťŌŨŐńũĶũŘũŗŧĶŦŏŐŮŎķŧŜ ŲŚźŜűĶũŉűŐŸŎŲĹŚűŀŪŗŖŀũŚũűĶŊ 

ŵţűŉŘŊ (Calcium Silicate Hydrate, CSH) ŲŚť ŲĹŚűŀŪŗŖŢŚŮŖũűŎŊŵţűŉŘŊ (Calcium Aluminate 

Hydrate, CAH) ŀūŹļŌŨŴŠźűŖŸŉķŢļűŋźŧűĶũŉĶŧŘűĶŧťŘŜŖĶŦŎ ŀūŹļŐńũĶũŘũŗŧŎŪźĹŚźŧŗĹŚūļĶŦŏŐńũĶũŘũŗŧ 

ŵţűŉŘĿŦŎķŢļŐŮŎŀŪűŖŎŊŽ ŉŦļŎŦźŎĽūļŖŪĶŧŘŎŨűŢŧűŋźŧŚŢŗŖŧŴĿźŲŌŎŐŮŎŀŪűŖŎŊŽűœŬŹŢŚŉĹŹŧŴĿźĽŹŧŗ 

űœŘŧťűŋźŧŚŢŗűŐŸŎŜŦşŉŭűŠŚŬŢŴĿźĽŧĶĶŧŘűőŧķŢļŋŹŧŎŠũŎ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ (0334) 

 

ŕŧœ 7 ĶŧŘĶŘťĽŧŗŊŦŜ ķŎŧŉ ŚŦĶŞňťœŬźŎőũŜķŢļŢŎŭŕŧĹķŢļűŋźŧŚŢŗ 
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ĶŧŘŐŘŦŏŐŘŭļŉũŎŉźŜŗŐŮŎŀŪűŖŎŊŽ 

ļŧŎŜũĽŦŗ Lambe et al. ŴŎŐŪ Ĺ,ŝ,1959 ŲŚť Moh ŴŎŐŪ Ĺ,ŝ,1962 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) 

ŵŉźĶŚŹŧŜŵŜźŜŹŧ űŖŬŹŢŎźŨőşŖĶŦŏŐŮŎŀŪűŖŎŊŽĽťŌŨŴŠźűĶũŉşŧŘŐŘťĶŢŏŠŚŦĶ 4 ŐŘťűŕŌ ĹŬŢ C3S C2S 

C3A ŲŚť C4AF ŀūŹļĽťűŐŸŎŊŦŜĶŘťŊŭźŎŌŪŹŌŨŴŠźűĶũŉŐńũĶũŘũŗŧŀŪűŖŎŊŽŵţűŉŘĿŦŎ ŌŨŴŠźűĶũŉşŧŘŐŘťĶŢŏ 

CSH CAH ŲŚťĶŧŘŲœŘŹĶŘťĽŧŗŐńũĶũŘũŗŧŵţűŉŘĿŦŎķŢļŐŮŎķŧŜ (released hydrate lime) 

ĶŘťŏŜŎĶŧŘŉŦļĶŚŹŧŜŌŨŴŠźűĶũŉĶŧŘŲķŸļŊŦŜķŢļ CSH ŲŚť CAH ųŉŗşŧŘŌŦźļşŢļĽťŖŪĹŭňşŖŏŦŊũ

űŐŸŎŊŦŜŗūŉűĶŧť ŀūŹļşŧŖŧŘŋŗūŉűĶŧťűŖŸŉŉũŎűķźŧŉźŜŗĶŦŎŌŨŴŠźűŐŸŎűŖŸŉķŎŧŉŴŠłŹ 

ŌŪŹŖŪĹŜŧŖŲķŸļŲŘļşŮļ şŨŠŘŦŏŐńũĶũŘũŗŧŵţűŉŘĿŦŎķŢļŐŮŎķŧŜ (hydrated lime) ŌŪŹűĶũŉķūźŎĽťŲŊĶŊŦŜ

űŐŸŎ Ca2+ ŲŚťĽťŌŨŐńũĶũŘũŗŧĶŦŏŀũŚũĶŧ ŲŚťŢŚŮŖũŎŧ ŴŎŉũŎŊŹŢŵŐŢŪĶ ŌŨŴŠźűĶũŉşŧŘ CSH ŲŚť 

CAH űœũŹŖűŊũŖĽŧĶŐńũĶũŘũŗŧŌŪŹűĶũŉĽŧĶŀŪűŖŎŊŽųŉŗŊŘļ ŀūŹļŢŎŭŕŧĹŉũŎĽťŒŦŹļŢŗŮŹŴŎőŚũŊŕŦňņŽķŢļ

ŐńũĶũŘũŗŧ (reaction product) ĽťŖŪŚŦĶŞňťűŐŸŎŀŪűŖŎŊŽűœş &cement paste) ŲŚťĽťŲķŸļŊŦŜŊŧŖ

űŜŚŧŲŚťűŐŚŪŹŗŎųĹŘļşŘźŧļŉũŎŴŠźŲķŸļŊŦŜŉźŜŗ ųŉŗ Moh ŴŎŐŪ Ĺ,ŝ,1965 &ŎœŎŦŎŌŽ œŘŘňķŧŖ, 

0334' ŵŉźűķŪŗŎŐńũĶũŘũŗŧķŢļŉũŎŀŪűŖŎŊŽűŐŸŎşŖĶŧŘŌŧļűĹŖŪŉŦļŎŪź 

  

Cement + H2O ------------ > CSH + CAH + Ca(OH)2 

Ca(OH)2 ------------ > Ca++ + 2(OH)- 

Ca++ + 2(OH)- + SiO2 (Soil silica) ------------ > CSH 

Ca++ + 2(OH)- + SiO2 (Soil alumina) ------------ > CAH 

 

1. ųĹŘļşŘźŧļķŢļŉũŎŀŪűŖŎŊŽ 

Mitchell ŲŚť Jack ŴŎŐŪ Ĺ,ŝ.1966 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) ŵŉźŢōũŏŧŗ 

ĶŧŘűŐŚŪŹŗŎŲŐŚļųĹŘļşŘźŧļķŢļŉũŎŕŧŗŠŚŦļĽŧĶőşŖŐŮŎŀŪűŖŎŊŽ ųŉŗĶŧŘűŐŚŪŹŗŎŲŐŚļşŧŖŧŘŋ

ŲŏŹļŢŢĶŵŉźűŐŸŎ 3 şŋŧŎť ŉŦļŎŪź  

1./ şŋŧŎťķňťŏŉŢŦŉŢŎŭŕŧĹ ķŦźŎŊŢŎŎŪźűŐŸŎĿŹŜļűŜŚŧŌŪŹŐŮŎŀŪűŖŎŊŽĽťűķźŧŵŐőşŖĶŦŏ

ŢŎŭŕŧĹķŢļűŖŸŉŉũŎ ŀūŹļşŋŧŎťŎŪźŗŦļŵŖŹűĶũŉŐńũĶũŘũŗŧŀŪűŖŎŊŽŵţűŉŘĿŦŎ ŉŦļŕŧœ 10(Ķ) 

1.2 şŋŧŎťŕŧŗŴŊźĶŧŘŏŹŖŘťŗťşŦźŎ ŢŎŭŕŧĹķŢļŐŮŎŀŪűŖŎŊŽŌŪŹŗŦļŵŖŹűĶũŉŐńũĶũŘũŗŧ 

ŵţűŉŘĿŦŎĽťűŘũŹŖűĶũŉŐńũĶũŘũŗŧŀŪűŖŎŊŽŵţűŉŘĿŦŎ ŀūŹļĽťŌŨŴŠźűĶũŉűŐŸŎŀŪűŖŎŊŽűĽŚ űķźŧŲŌŘĶŀūŖŊŧŖ

ĿŹŢļŜŹŧļŘťŠŜŹŧļŢŎŭŕŧĹķŢļűŖŸŉŉũŎŲŚťĽťŐŚŹŢŗŐŮŎķŧŜ ųŉŗŌŨŐńũĶũŘũŗŧĶŦŏŀũŚũĶŧ ŲŚťŢŚŮŖũŎŧ

ŴŎŉũŎ ŠŚŦļĽŧĶŎŦźŎŀŪűŖŎŊŽűĽŚŲŚťşŧŘŌŪŹŵŉźĽŧĶŐńũĶũŘũŗŧĽťŲœŘŹĶŘťĽŧŗŵŐŊŧŖŢŎŭŕŧĹķŢļŉũŎ 

ŉŦļŕŧœ 10(ķ) 
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1.3 şŋŧŎťŕŧŗŴŊźĶŧŘŏŹŖŘťŗťŗŧŜ ŢŎŭŕŧĹķŢļŐŮŎŀŪűŖŎŊŽĽťűĶũŉŐńũĶũŘũŗŧ 

ŵţűŉŘĿŦŎŢŗŹŧļşŖŏŮŘňŽŌŨŴŠźŀŪűŖŎŊŽűĽŚĶŘťĽŧŗŲŚťŲŌŘĶŀūŖŵŐŌŦŹŜŉũŎŀŪűŖŎŊŽ ŀūŹļŌŨŴŠźĶŨŚŦļ

ķŢļŉũŎŀŪűŖŎŊŽşŮļķūźŎűŖŬŹŢŢŧŗŭĶŧŘŏŹŖşŮļķūźŎ ŉŦļŕŧœ 10(Ĺ) 

ŚŦĶŞňťķŢļŉũŎĶŦŏŀŪűŖŎŊŽ ŠŘŬŢŀŪűŖŎŊŽűœşŌŪŹűŘũŹŖŲķŸļŊŦŜűŖŬŹŢŴĿźĶŚźŢļĽŭŚŌŘŘŝŎŽ

ŢũűŚĹŊŘŢŎ &scanning electron microscope) ŖŪŚŦĶŞňťŉŦļŲşŉļŴŎŕŧœ 11 

 

şŧŘŐŢŀųŀŚŧŎ 

ŊŧŖŖŧŊŘŅŧŎ ASTM ŵŉźŴŠźĹŨĽŨĶŦŉĹŜŧŖķŢļĹŨŜŹŧ ŐŢŀųŀŚŧŎ (Pozzolana) ŵŜźŜŹŧ 

şŧŘŐŢŀųŀŚŧŎ ĹŬŢ ŜŦşŉŭŌŪŹŐŘťĶŢŏŉźŜŗŀũŚũĶŧ ŲŚťŢŚŮŖũŎŧűŐŸŎŢļĹŽŐŘťĶŢŏŠŚŦĶ ĿŦŗŜŭŇũ ŲŚť

ŵĶŘŜŭŇũ ŴŎŐŪ œ,ŝ,2549 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556) ĶŚŹŧŜŜŹŧ ŌŦŹŜŵŐŲŚźŜşŧŘŐŢŀųŀŚŧŎŖŪ

şŖŏŦŊũűŐŸŎŜŦşŉŭŐŘťşŧŎŎźŢŗŖŧĶ ŲŊŹűŎŬŹŢļĽŧĶşŧŘŐŢŀųŀŚŧŎŖŪĹŜŧŖŚťűŢŪŗŉĹŹŢŎķźŧļşŮļŲŚťŖŪ

ŐŘũŖŧňĹŜŧŖĿŬźŎűœŪŗļœŢŌŪŹĽťşŧŖŧŘŋŌŨŐńũĶũŘũŗŧĶŦŏŲĹŚűŀŪŗŖŵţŉŘŢĶŵŀŉŽ (calcium 

hydroxide, Ca(OH)2) ŌŪŹŢŭňŠŕŮŖũŠźŢļŵŉź ŌŨŴŠźŵŉźşŧŘŐŘťĶŢŏŌŪŹŖŪşŖŏŦŊũŴŎĶŧŘŗūŉŐŘťşŧŎŵŉźŉŪ

ĹŚźŧŗĶŦŏŐŮŎŀŪűŖŎŊŽ ŀūŹļűŘŪŗĶŐńũĶũŘũŗŧŎŪźŜŹŧ ŐńũĶũŘũŗŧŐŢųŀŚŧŎũĶ 

 

CaO + H2O ------------ > Ca(OH)2 

3 Ca(OH)2 + 2SiO2 ------------ > 3CaO.2SiO2.3H2O 

3 Ca(OH)2 + 2Al2O3 ------------ > 3CaO.2Al2O3.3H2O 

 

şŧŘŐŢŀųŀŚŧŎşŧŖŧŘŋŲŏŹļŢŢĶŵŉźűŐŸŎ 2 ĶŚŭŹŖŊŧŖŚŦĶŞňťĶŧŘŎŨŖŧŴĿźļŧŎ ŉŦļŎŪź 

1. şŧŘŐŢŀųŀŚŧŎŌŪŹŵŉźĽŧĶōŘŘŖĿŧŊũ (natural pozzlanas) ųŉŗŌŦŹŜŵŐĹŬŢ ŜŦşŉŭŌŪŹűĶũŉ

ĽŧĶĶŧŘŘťűŏũŉŕŮűķŧŵŔ űĿŹŎ ŠũŎűŋźŧŕŮűķŧŵŔ &volcanic tuff) ŲŚťŠũŎœŘŭŎ (pumicite) űŐŸŎŊźŎ 

2. şŧŘŐŢŀųŀŚŧŎşŦļűĹŘŧťŠŽ &artificial pozzlanas) şŹŜŎŴŠłŹ ĹŬŢ ŜŦşŉŭŌŪŹŵŉźĽŧĶ 

ĶŧŘőŹŧŎĶŘťŏŜŎĶŧŘŌŧļĹŜŧŖŘźŢŎ ųŉŗĶŧŘűőŧŜŦŊŋŭŉũŏŌŪŹŵŉźĽŧĶōŘŘŖĿŧŊũ ŀūŹļŵŉźŲĶŹ ŉũŎűŠŎŪŗŜ 

ŠũŎŉũŎŉŧŎ &shale) ŠũŎŌŪŹŖŪŀũŚũĶŧűŐŸŎŢļĹŽŐŘťĶŢŏ ŲŚťűŋźŧŚŢŗŌŪŹűŐŸŎőŚœŚŢŗŵŉźĽŧĶĶŧŘŌŨ

űĶŞŊŘĶŘŘŖ  
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(Ķ) şŋŧŎťķňťŏŉŢŦŉŢŎŭŕŧĹ 

 
(ķ) şŋŧŎťŕŧŗŴŊźĶŧŘŏŹŖŘťŗťşŦźŎ 

 
(Ĺ) şŋŧŎťŕŧŗŴŊźĶŧŘŏŹŖŘťŗťŗŧŜ 

ŕŧœ /. ųĹŘļşŘźŧļķŢļŉũŎŀŪűŖŎŊŽ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556 
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ŕŧœ 11 ŚŦĶŞňťķŢļŉũŎőşŖŀŪűŖŎŊŽųŉŗŴĿźĶŚźŢļĽŭŚŌŘŘŝŎŽŢũűŚĹŊŘŢŎ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ (2556) 

 

şŨŠŘŦŏŐŘťűŌŝŵŌŗŵŉźŖŪĶŧŘŎŨűŢŧűŋźŧŚŢŗŚũĶŵŎŊŽķŢļųŘļŵŔŔźŧŲŖŹűŖŧťŖŧŴĿź ųŉŗ 

űŋźŧŚŢŗŉŦļĶŚŹŧŜűŖŬŹŢŎŨŖŧőşŖĶŦŏŎźŨŴŎŐŘũŖŧňŌŪŹœŢűŠŖŧťŲŚźŜŏŹŖŌũźļŵŜźĽťűŘũŹŖŲķŸļŊŦŜŕŧŗŴŎ / 

ŜŦŎ ŌŦźļŎŪźűœŘŧťűŋźŧŚŢŗŚũĶŵŎŊŽŲŖŹűŖŧťşŹŜŎŴŠłŹŖŪŐŘũŖŧňŲĹŚűŀŪŗŖŢŢĶŵŀŉŽ (calcium oxide, 

CaO) ŐŎŢŗŮŹŴŎŐŘũŖŧňŌŪŹŖŧĶœŢŌŪŹĽťŌŨŐńũĶũŘũŗŧĶŦŏŎźŨĽŎĶŚŧŗűŐŸŎ Ca(OH)0 ŲŚťŌŨŴŠź

űĶũŉŐńũĶũŘũŗŧŐŢųŀŚŧŎũĶ ĶŦŏŀũŚũĶŧŲŚťŢŚŮŖũŎŧ ŀūŹļŢŗŮŹŴŎŘŮŐķŢļ Non-crystalline glass ĽŎűĶũŉ

űŐŸŎşŧŘűĿŬŹŢŖŐŘťşŧŎŌŪŹŲķŸļŊŦŜķūźŎŵŉź ĹŬŢ CSH ŲŚť CAH ĶŧŘŴĿźűŋźŧŚŢŗŲŖŹűŖŧťŵŐŴĿźűŐŸŎŜŦşŉŭ

ĶŹŢşŘźŧļļŧŎŉũŎşŧŖŧŘŋŌŨŵŉź 0 ŚŦĶŞňť ĹŬŢ űŋźŧŚŢŗőşŖŎźŨŲŚťűŋźŧŚŢŗŏŉŢŦŉ ŴŎŐŪ œ,ŝ,

031. ŵŉźŖŪĶŧŘŴĿźűŋźŧŚŢŗŚũĶŵŎŊŽŖŧĶŹŢşŘźŧļĿŦźŎœŬźŎŌŧļŲŚťĿŦźŎŘŢļœŬźŎŌŧļķŢļŋŎŎŕŧŗŴŎ

ųŘļŵŔŔźŧŲŖŹűŖŧťŲŚťűŠŖŬŢļŚũĶŵŎŊŽ ĽŧĶŎŦźŎŴŎŐŪ œ,ŝ,0313 ŵŉźűŘũŹŖŎŨűŋźŧŚŢŗőşŖŎźŨŵŐŴĿźŴŎ

ĶŧŘŀŹŢŖŲŀŖĶŧŘŌŘŭŉŊŦŜķŢļŘťŏŏŘťŏŧŗŎźŨŘŢŏşŋŧŎŪŵŔŔźŧŲŘļşŮļ ŴŎļŧŎŜũĽŦŗ şŖĿŦŗ ŐŪ œ,ŝ,

0314 (ŎœŎŦŎŌŽ œŘŘňķŧŖ, 2556)  
 

ĶŧŘŴĿźļŧŎűŋźŧŚŢŗ 

ŐŘťűŌŝŵŌŗŖŪųŘļŵŔŔźŧŌŪŹŴĿźŋŹŧŎŠũŎŲŚťŋŹŧŎŠũŎőşŖűĿŬźŢűœŚũļĿŪŜŖŜŚŢŗŮŹŠŚŧŗŲŠŹļ ŀūŹļ

ĶŧŘŎŨűŋźŧŚŢŗŲŊŹŚťŲŠŚŹļŖŧŴĿźŴŎļŧŎŐŘŦŏŐŘŭļŉũŎűœŬŹŢĽŭŉŐŘťşļĹŽĶŧŘŐŘŦŏŐŘŭļŲŚťűœũŹŖ

ĹŭňŕŧœŉũŎ ŠŘŬŢűœŬŹŢĶŧŘŚŉŊźŎŌŭŎ şũŹļŌŪŹŊźŢļĹŨŎūļŋūļĶŧŘŴĿźļŧŎűŋźŧŚŢŗĹŬŢ ĹŭňŕŧœŌŧļűĹŖŪ

ŲŚťŌŧļĶŧŗŕŧœķŢļűŋźŧŚŢŗŲŠŚŹļŎŦźŎ ŷ şŨŠŘŦŏĶŧŘŴĿźűŋźŧŚŢŗĽťœũĽŧŘňŧĹŦŉűŚŬŢĶŊŧŖ
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ĹŭňşŖŏŦŊũŌŪŹűķźŧűĶňņŽŖŧŊŘŅŧŎ ASTM C 4/6 ŠŘŬŢŖŧŊŘŅŧŎőŚũŊŕŦňņŽŢŭŊşŧŠĶŘŘŖ ŖŢĶ,

0/13+0323 ķŢļŐŘťűŌŝŵŌŗ ŉŦļŎŦźŎĶŧŘŴĿźļŧŎűŋźŧŚŢŗĽŨűŐŸŎŊźŢļŢźŧļŢũļŊŧŖŖŧŊŘŅŧŎŲŚť

ķźŢĶŨŠŎŉŢŗŹŧļűĹŘŹļĹŘŦŉ ŐŦĽĽŭŏŦŎűŋźŧŚŢŗĽŧĶŲŠŚŹļųŘļŵŔŔźŧŲŖŹűŖŧťŋŬŢŵŉźŜŹŧŖŪĹŭňŕŧœşŮļŲŚť

űŐŸŎŌŪŹŗŢŖŘŦŏŴŎĶŧŘŎŨŖŧŴĿźļŧŎŖŧĶŌŪŹşŭŉŴŎŐŘťűŌŝŵŌŗ 

ŢŗŹŧļŵŘĶŸŊŧŖŗŦļŖŪűŋźŧŚŢŗĽŧĶŲŠŚŹļŢŬŹŎ ŷ ŌŪŹŖŪĹŭňşŖŏŦŊũŌŪŹőŹŧŎűĶňņŽŖŧŊŘŅŧŎŲŚť

ŘŧĹŧŋŮĶŲŊŹŗŦļŵŖŹűĹŗŎŨŖŧŴĿźļŧŎŠŘŬŢűĹŗŖŪĶŧŘŎŨŖŧŴĿźļŧŎŲŚźŜűĶũŉőŚűşŪŗŠŧŗŊŧŖŖŧ ŌŦźļŎŪź

űœŘŧťŜũŝŜĶŘŖŦĶŎũŗŖŎŨűŢŧűŋźŧŚŢŗĽŧĶŲŠŚŹļŢŬŹŎŷŖŧŴĿźļŧŎųŉŗĶŧŘŌŉŲŌŎŊŧŖşŦŉşŹŜŎ 

ĶŧŘŢŢĶŲŏŏşŹŜŎőşŖŌŪŹŲŌŎŌŪŹűŋźŧŚŢŗĽŧĶŲŖŹűŖŧť ŀūŹļĹŭňşŖŏŦŊũűŋźŧŚŢŗĽŧĶŲŠŚŹļŢŬŹŎ ŷ 

ŎŢĶűŠŎŬŢĽŧĶűŋźŧŚŢŗķŢļųŘļŵŔŔźŧŲŖŹűŖŧťĽťŵŖŹűŠŖŬŢŎĶŦŎ ŉŦļŎŦźŎĶŧŘŴĿźļŧŎűŋźŧŚŢŗŴŎĶŧŘ

ŌŉŲŌŎŐŮŎŀŪűŖŎŊŽűœŬŹŢŚŉŊźŎŌŭŎŠŘŬŢűœŬŹŢĶŧŘűœũŹŖĹŭňşŖŏŦŊũķŢļŉũŎĹŜŘŵŉźŘŦŏĶŧŘŢŢĶŲŏŏŊŧŖ

ĹŭňşŖŏŦŊũķŢļűŋźŧŚŢŗŴŎŲŊŹŚťŲŠŚŹļŌŪŹűŘŧŎŨŖŧŴĿźļŧŎ űŖŬŹŢűŘŧŖŪĹŜŧŖűķźŧŴĽĶŧŘŴĿźļŧŎűŋźŧŚŢŗ

ŢŗŹŧļŋŮĶŊźŢļĽťĿŹŜŗŴŠźŌŨŴŠźűŘŧşŧŖŧŘŋŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŌŪŹŖŪŊźŎŌŭŎŊŹŨŲŚťĹŭňŕŧœşŮļŵŉźųŉŗ

ŵŖŹĶŹŢŴŠźűĶũŉĹŜŧŖűşŪŗŠŧŗŊŹŢųĹŘļşŘźŧļ ŢŪĶŌŦźļűŐŸŎĶŧŘĿŹŜŗŚŉŖŚŕŧŜťŌŧļşũŹļŲŜŉŚźŢŖŲŚťŚŉ

ĶŧŘŴĿźűĿŬźŢűœŚũļşŨŠŘŦŏĶŧŘķŎűŋźŧŚŢŗĽŧĶŲŠŚŹļŘťŗťŌŧļŵĶŚ ŷ ŢŪĶŉźŜŗ 

űŋźŧŚŢŗŚũĶŵŎŊŽųŉŗŌŦŹŜŵŐŲŚźŜĽťŖŪĹŜŧŖŚťűŢŪŗŉŖŧĶĶŜŹŧŐŮŎŀŪűŖŎŊŽ ŚŦĶŞňťŌŦŹŜŵŐűŐŸŎ

ŘŮŐŌŘļĶŚŖŖŪķŎŧŉŊŦźļŲŊŹűŚŸĶĶŜŹŧ / ŵŖųĹŘűŖŊŘ &.,../ ŖũŚŚũűŖŊŘ' ĽŎŋūļ /3. ŵŖųĹŘűŖŊŘ 

&.,/3 ŖũŚŚũűŖŊŘ' ĹŜŧŖŋŹŜļĽŨűœŧťŢŗŮŹŘťŠŜŹŧļ 0,..+0,4. ŢļĹŽŐŘťĶŢŏŌŧļűĹŖŪŌŪŹşŨĹŦł ĹŬŢ  

ŀũŚũĶŧ &SiO0' ŢŚŮŖũŎŧ &AI0.1' ŲŚť űŔŢŘŽŘũĶŢŢĶŵŀŉŽ &Fe0.1' ŢŦŊŘŧşŹŜŎķŢļŢŢĶŵŀŉŽŌŦźļ 1 ĿŎũŉ

ĽťŲŐŘűŐŚŪŹŗŎŵŐŊŧŖŢŭňŠŕŮŖũ, şŕŧœŲŜŉŚźŢŖķňťűőŧ ŲŚťĿŎũŉķŢļŋŹŧŎŠũŎŌŪŹŴĿźűőŧ ŖŧŊŘŅŧŎ 

ASTM C 4/6 ÿQpecification for Fly ash and Raw or Calcined natural pozzolan for use as a 

mineral admixture in portland cement concreteĀ ŵŉźĽŦŉŲŗĶŐŘťűŕŌķŢļűŋźŧŚŢŗŵŜź 0 ĿŎũŉ ĹŬŢ 

Class F ŲŚť Class C ųŉŗ Class F ŖŪŐŘũŖŧň SiO0 ) AI0.1 ) Fe0.1 ŖŧĶĶŜŹŧ 5.# ųŉŗŎźŨŠŎŦĶ 

ŲŚť Class C ŖŪŐŘũŖŧň SiO0 ) AI0.1 ) Fe0.1 ŘťŠŜŹŧļ 3.+5.# ųŉŗŎźŨŠŎŦĶ űŎŬŹŢļĽŧĶŋŹŧŎŠũŎ

űŐŸŎŜŦşŉŭōŘŘŖĿŧŊũŗŹŢŖŖŪűŎŬźŢŌŪŹŵŖŹşŖŹŨűşŖŢ ĶŧŘŌŪŹűŋźŧŚŢŗĽŧĶŲŠŚŹļűŉŪŗŜĶŦŎœŏŜŹŧűŐŸŎ Class C 

ŲŚť Class F űŐŸŎűŘŬŹŢļŌŪŹűŐŸŎŐĶŊũ ŲŖźŜŹŧĽťűŐŸŎ Class C ŠŘŬŢ Class F ŊŹŧļĶŸŖŪŝŦĶŗŕŧœűœŪŗļ

œŢŌŪŹĽťŎŨŵŐŴĿźŴŎļŧŎĹŢŎĶŘŪŊŵŉźŌŦźļşũźŎ ųŉŗŐŘũŖŧňŢļĹŽŐŘťĶŢŏŌŧļűĹŖŪŊŧŖŖŧŊŘŅŧŎ 

ASTM ŲŏŹļ Class ŉŦļŊŧŘŧļ 6 
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ŊŧŘŧļ 4 ŢļĹŽŐŘťĶŢŏŌŧļűĹŖŪ (Chemical Requirement) (ASTM C618-08a) 

 class 

N F C 

ŀũŚũĶŢŎŵŉŢŢĶŵŀŉŽ (silicon dioxide, SO2) ŏŜĶ

ŢťŚŮŖũűŎŪŗŖŢŢĶŵŀŉŽ (aluminum oxide, Al2O3) ŏŜĶŵŢűŢũŘŽ

ŎŢŢĶŵŀŉŽ (iron oxide, Fe2O3), ŎźŢŗŌŪŹşŭŉ, % 

70.0 70.0 50.0 

ŀŦŚűŔŢŘŽŵŊŘŢŢĶŵŀŉŽ (sulfur trioxide, SO3), ŖŧĶŌŪŹşŭŉ, % 4.0 5.0 5.0 

ŐŘũŖŧňĹŜŧŖĿŬźŎ (moisture content), ŖŧĶŌŪŹşŭŉ, % 3.0 3.0 3.0 

ĶŧŘşŮłűşŪŗŎźŨŠŎŦĶűŖŬŹŢŢŭňŕŮŖũŌŪŹşŮļ (Loss on Ignition),  

ŖŧĶŌŪŹşŭŉ, % 
10.0 6.0A 6.0 

 

űşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

űşŧűķŸŖŉũŎŀŪűŖŎŊŽ &soil cement column) űŐŸŎűŌĹŎũĹĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŅŧŎŘŧĶ

ŴŠźŖŪĹŜŧŖşŧŖŧŘŋŘŦŏŎźŨŠŎŦĶŏŘŘŌŭĶűœũŹŖķūźŎ ŚŉĶŧŘŌŘŭŉŊŦŜŴŎĿŦźŎŉũŎŢŹŢŎ ķŦźŎŊŢŎŴŎĶŧŘőşŖ

űŘũŹŖĽŧĶĶŧŘőşŖŎźŨŐŮŎ &cement milk) ĶŦŏŉũŎűŠŎŪŗŜŢŹŢŎ ŠŘŬŢ ŉũŎŌŘŧŗŠŚŜŖűŐŸŎĶŧŘőşŖŲŏŏ

űŐŪŗĶ ųŉŗŴĿźŎźŨŲŘļŉŦŎşŮļ ŠŘŬŢ ŴŏœŦŉŌŨŚŧŗųĹŘļşŘźŧļŉũŎűŉũŖ ŲŚźŜŢŦŉľŪŉŎźŨŐŮŎŉźŜŗŲŘļŉŦŎşŮļ 

&jet grouting) ŠŘŬŢ ŢŦŉľŪŉŎźŨŐŮŎŲŘļŉŦŎŊŹŨŲŚźŜŴĿźŴŏœŦŉŊŪőşŖ &mechanical mixing low pressure 

grout) űŖŬŹŢŎźŨŐŮŎőşŖűķźŧĶŦŏŉũŎ ĽťŌŨŴŠźűĶũŉŐńũĶũŘũŗŧŌŧļűĹŖŪŘťŠŜŹŧļŉũŎĶŦŏŎźŨŐŮŎşŹļőŚŴŠźŉũŎ

ŲķŸļŲŘļĶŜŹŧűŉũŖ ŵŖŹŎźŢŗĶŜŹŧ 10 űŌŹŧ ŐŦĽĽŭŏŦŎűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŵŉźŖŪĶŧŘŎŨŖŧŴĿźŢŗŹŧļŲœŘŹŠŚŧŗ

ŴŎļŧŎŅŧŎŘŧĶ ŋŎŎŏŎŉũŎŢŹŢŎ ŠŘŬŢŉũŎŠŚŜŖ ļŧŎŐźŢļĶŦŎĶŧŘœŦļķŢļŚŧŉŊŚũŹļ ļŧŎŐźŢļĶŦŎĶŧŘ

œŦļķŢļļŧŎķŭŉŚūĶ ļŧŎĹŦŎĶŦźŎŎźŨ ĶŧŘŌŨŴŠźŏŹŢŉũŎűŚŸĶŚļŲŚťŖŪűşŋŪŗŘŕŧœ ļŧŎŅŧŎŘŧĶŢŧĹŧŘ

ķŎŧŉűŚŸĶ ļŧŎŅŧŎŘŧĶŵŀųŚŲŚťŲŌļĶŽķŎŧŉŴŠłŹ ļŧŎŐźŢļĶŦŎŲŘļşŦŹŎşťűŌŬŢŎ ŘŜŖŋūļļŧŎ

ŐźŢļĶŦŎĶŧŘŘŦŹŜŀūŖķŢļĹŦŎĶŦźŎŎźŨŲŚťŢŹŧļűĶŸŏŎźŧ 

1. ŜũŜŦŇŎŧĶŧŘķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

ĶŧŘŴĿźűşŧűķŸŖŉũŎŀŪűŖŎŊŽ-ŐŮŎķŧŜ &cement/lime column) ŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ

ŢŹŢŎ şŨŠŘŦŏŘŦŏĹŦŎŋŎŎ ŠŘŬŢŴŎļŧŎŉũŎķŭŉ űŘũŹŖŊźŎŴŎŐŘťűŌŝŲŋŏşŲĶŎŉũűŎűŜŪŗ űĿŹŎ şŜŪűŉŎ 

ŔũŎŲŚŎŉŽ ŎŢŘŽűŜŗŽ ŉŦļŎŦźŎŢļĹŽĹŜŧŖŘŮź ŌřŞŃŪĶŧŘŢŢĶŲŏŏ ĽūļœŦŇŎŧŖŧĽŧĶŐŘťűŌŝŴŎŲŋŏŎŪź

űŐŸŎşŹŜŎŴŠłŹ ŴŎŐŘťűŌŝłŪŹŐŭŹŎĶŸŖŪĶŧŘŴĿźűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŪŹűŘŪŗĶŜŹŧŜũōŪĶŧŘőşŖŚūĶ (deep 

mixing method, DMM) ŢŗŹŧļŲœŘŹŠŚŧŗ ŲŊŹŴĿźŴŎŚŦĶŞňťķŢļĶŧŘűœũŹŖűşŋŪŗŘŕŧœķŢļĹŦŎŉũŎűŐŸŎ

şŹŜŎŴŠłŹ  
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ŜũŜŦŇŎŧĶŧŘķŢļĶŧŘŴĿź DMM ŊŦźļŲŊŹŐŪ Ĺ,ŝ,1954-ŐŦĽĽŭŏŦŎ ŀūŹļűĶũŉķūźŎĹŘŦźļŲŘĶŴŎ

ŐŘťűŌŝłŪŹŐŭŹŎŲŚťşŜŪűŉŎ ųŉŗĶŧŘœŦŇŎŧűŌĹųŎųŚŗŪķŢļĶŧŘĶŹŢşŘźŧļŌŧļŉźŧŎűşŧűķŸŖŉũŎŀŪűŖŎŊŽ

ŲŏŹļŢŢĶűŐŸŎ 3 ĿŹŜļ ŵŉźŲĶŹ 

ĶŧŘœŦŇŎŧŴŎĿŹŜļŲŘĶ ŷ ĿŹŜļŐŪ Ĺ,ŝ,1923 ĶŧŘĶŹŢşŘźŧļĹŦŎŌŧļŏŎĿŦźŎŉũŎűŠŎŪŗŜŢŹŢŎ

ŎŦźŎ ŵŉźŴĿźŌŹŢŎŵŖźŘŢļűœŬŹŢűşŘũŖŲŘļŴŠźĶŦŏŅŧŎŘŧĶűŐŸŎŌŪŹŎũŗŖĶŦŎŖŧĶ &Flodin and Broms, /76/' 

ŘŜŖŵŐŋūļĶŧŘŴĿźĿŧŎŌŧļŠŘŬŢĶŧŘŴĿźŜŦşŉŭŎźŨŠŎŦĶűŏŧŖŧűœũŹŖűşŋŪŗŘŕŧœķŢļĹŦŎŌŧļŋŎŎűĿŹŎĶŦŎ 

ŊŹŢŖŧŴŎŐŘťűŌŝşŜŪűŉŎŵŉźŖŪĶŧŘŴĿźűşŧűķŸŖűœŬŹŢŘŢļŘŦŏŎźŨŠŎŦĶĹŦŎŌŧļ ŲŚťŋŹŧŗŎźŨŠŎŦĶŚļĿŦźŎŉũŎŌŪŹ

ŉŪĶŜŹŧ ŘŜŖŵŐŋūļĶŧŘűœũŹŖűşŋŪŗŘŕŧœķŢļĹŦŎŌŧļŋŎŎŉźŜŗ  

ĿŹŜļŐŪ Ĺ,ŝ,1948 ŋūļ 1970 ŖŪĶŧŘœŦŇŎŧķŢļűşŧűķŸŖŖŧĶķūźŎűŘŬŹŢŗ ŷ ŌŪŹŗŦļĹŹŢŗŵŖŹĿŦŉűĽŎ

ŖŧĶŎŦĶ ųŉŗŖŪĶŧŘŴĿźűşŧűķŸŖŐŮŎķŧŜ (lime column method) ŴŎĿŹŜļŐŪ Ĺ,ŝ,1960 ŲŊŹĶŧŘœŦŇŎŧ

ķŢļűşŧűķŸŖĿŹŜļŌŪŹşŨĹŦłĽťűĶŪŹŗŜķźŢļĶŦŏĶŧŘŴĿźŜũōŪŲŏŏŵŔŵŎŊŽűŢŚũűŖŎŊŽ (finite element) ŀūŹļŴĿźŴŎ

ĶŧŘŲĶźŐŦłŠŧűĶŪŹŗŜĶŦŏĶŧŘűŐŚŪŹŗŎŲŐŚļŘŮŐŘŹŧļķŢļűşŧűķŸŖŴŎŲŎŜŘťŎŧŏŕŧŗŴŊźűĿũļŚŧŉĹŦŎŌŧļ 

ŀūŹļŵŉźŴĿźşŕŧœĹŜŧŖűĹŘŪŗŉŘťŎŧŏ (plane strain) ŖŧŜũűĹŘŧťŠŽœřŊũĶŘŘŖķŢļŉũŎŕŧŗŴŊźĹŦŎŌŧļ 

ĿŹŜļŐŪ Ĺ,ŝ,1970 ŋūļ ŐŦĽĽŭŏŦŎ ŀūŹļŴŎĿŹŜļŊźŎŐŪ Ĺ,ŝ,1970 ŵŉźŖŪĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ

ųŉŗŴĿź űşŧűķŸŖŐŮŎķŧŜ-ŐŮŎŀŪűŖŎŊŽ (lime/cement column) ųŉŗŵŉźŌŨĶŧŘŝūĶŞŧĹźŎĹŜźŧĶŦŎŢŗŹŧļ

ŲœŘŹŠŚŧŗŴŎŐŘťűŌŝşŜŪűŉŎ ŲŚťŐŘťűŌŝłŪŹŐŭŹŎ ŲŚźŜĽūļŎŨűŌĹŎũĹűşŧűķŸŖŐŮŎķŧŜ-ŐŮŎŀŪűŖŎŊŽŖŧ

ŴĿźŴŎļŧŎĶŹŢşŘźŧļŅŧŎŘŧĶŏŎŉũŎűŠŎŪŗŜŢŹŢŎ űĿŹŎ ļŧŎĹŦŎŌŧļ ļŧŎķŭŉŉũŎ űŐŸŎŊźŎ ŴŎĿŹŜļŐŚŧŗŐŪ 

Ĺ,ŝ,1970 ŐŘťűŌŝłŪŹŐŭŹŎŵŉźŖŪĶŧŘœŦŇŎŧŜũōŪŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎųŉŗŴĿźĶŧŘőşŖŚūĶŴŎŌŪŹ &deep 

mixing of in-situ) ųŉŗőŮźűŘũŹŖœŦŇŎŧ ŵŉźŲĶŹ Terashi et al. ŴŎŐŪ Ĺ,ŝ,1979 Kawasaki et al. ŴŎŐŪ 

Ĺ,ŝ,1981 ŲŚť Suzuki ŴŎŐŪ Ĺ,ŝ,1982 (ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ, 2553) ŀūŹļ

ĶŧŘĶŹŢşŘźŧļűŘũŹŖŊźŎķŢļŜũōŪőŚūĶŚūĶŴŎŌŪŹŋŮĶŎŨŖŧŴĿźŴŎĶŧŘĶŹŢşŘźŧļŢŮŹĽŢŉŘŋ ŲŚťųĹŘļşŘźŧļ 

ŊŹŧļ ŷ ŏŘũűŜňŢŹŧŜŘũŖŌťűŚ ŊŹŢŖŧŴŎĿŹŜļŐŪ Ĺ,ŝ,1975 ŵŉźűŘũŹŖŌŨĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ

ŲŏŏűŐŪŗĶŖŧŴĿźŴŎļŧŎĶŹŢşŘźŧļ ŴŎĿŹŜļŐŪ Ĺ,ŝ,1980 ŵŉźŖŪĶŧŘœŦŇŎŧűŌĹŎũĹĶŧŘĶŹŢşŘźŧļűşŧűķŸŖ

ŉũŎŀŪűŖŎŊŽŲŏŏŲŠźļŖŧŐŘťŗŭĶŊŽŴĿźŴŎļŧŎĶŹŢşŘźŧļŢŪĶŖŧĶŖŧŗĽŎĶŘťŌŦŹļŴŎŐŦĽĽŭŏŦŎĶŧŘĶŹŢşŘźŧļ

űşŧűķŸŖŉũŎŀŪűŖŎŊŽŋŮĶŎŨŖŧŴĿźŴŎļŧŎųĹŘļşŘźŧļķŢļŅŧŎŘŧĶŊŹŧļ ŷ űĿŹŎ ļŧŎĹŦŎŌŧļŋŎŎ ļŧŎŊūĶ

ŢŧĹŧŘ ŲŚťļŧŎŅŧŎŘŧĶķŢļŋŦļűĶŸŏŎźŨ ųŉŗŴŎŐŘťűŌŝŵŌŗŎũŗŖŴĿźűşŧűķŸŖŉũŎŀŪűŖŎŊŽŲŏŏűŐŪŗĶŴŎ

ĶŧŘĶŹŢşŘźŧļŋŎŎŏŎŉũŎŢŹŢŎ 

2. ŐŘťųŗĿŎŽķŢļĶŧŘŴĿźűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

ĶŧŘŌŨűşŧűķŸŖŉũŎŀŪűŖŎŊŽŴŎĶŧŘŘŢļŘŦŏĹŦŎŌŧļŋŎŎ şŧŖŧŘŋŚŉĶŧŘŌŘŭŉŊŦŜŲŚť

ŐźŢļĶŦŎĶŧŘűĶũŉŐŦłŠŧŉźŧŎűşŋŪŗŘŕŧœķŢļĹŦŎŌŧļŏŘũűŜňűĿũļŚŧŉŉźŧŎķźŧļŌŪŹűĶũŉĽŧĶĶŧŘűŚŬŹŢŎ
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ŊŦŜķŢļŉũŎ ŀūŹļĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽĽťŌŨŴŠźŉũŎŌŪŹŅŧŎŘŧĶűűķŸļŊŦŜŲŚťŖŪĶžŧŚŦļşŮļķūźŎ ųŉŗ

ĶŧŘĶŹŢşŘźŧļĹŦŎŌŧļŲŚťőũŜŋŎŎşŧŖŧŘŋŌŨŵŉźŌŦŎŌŪŠŚŦļĽŧĶĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŲŚźŜűşŘŸĽ 

ĽūļŵŖŹŊźŢļŘŢűŜŚŧŌŨĶŧŘœŘŪųŠŚŉ (preload) ŴŠźŉũŎűĶũŉĶŧŘŌŘŭŉŊŦŜűŠŖŬŢŎĶŧŘĶŹŢşŘźŧļűűŏŏűŉũŖ

ŠŘŬŢĶŧŘŴĿźűŌĹŎũĹĶŧŘŚŉŘťŗťűŜŚŧĶŧŘŘťŏŧŗŎźŨŢŢĶĽŧĶŉũŎųŉŗűŘŸŜ (prefabricated vertical 

drain, PVD) ŀūŹļĿŹŜŗűŘŹļĶŧŘŌŘŭŉŊŦŜķŢļŉũŎŵŉź ŎŢĶĽŧĶŎŦźŎűşŧűķŸŖŉũŎŀŪűŖŎŊŽŗŦļŚŉŐŦłŠŧĶŧŘ

ŌŘŭŉŊŦŜŊŹŢűŎŬŹŢļŴŎŘťŗťűŜŚŧŎŧŎŠŚŦļĶŧŘĶŹŢşŘźŧļűűŚźŜűşŘŸĽ űŎŬŹŢļĽŧĶĹŜŧŖŠŎŧķŢļĿŦźŎŉũŎŌŪŹ

űĶũŉĶŧŘŌŘŭŉŊŦŜŚŉŚļ  

ŴŎŐŦĽĽŭŏŦŎ DMM ŵŉźŎžŧŖŧŐŘťŗŭĶŊŽŴĿźŐŘťųŗĿŎŽŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŠŚŧŗ

ŚŦĶŞňť ųŉŗŖŪŜŦŊŋŭŐŘťşļĹŽŉŦļŎŪź 

2.1 ŚŉĶŧŘŌŘŭŉŊŦŜķŢļĹŦŎŌŧļŉũŎ (embankment) ŅŧŎŘŧĶŢŧĹŧŘ ŲŚťųĹŘļşŘźŧļ

ŢŬŹŎ ŷ 

2.2 ŐźŢļĶŦŎĶŧŘűĶũŉĶŧŘŜũŏŦŊũŌŧļŚŧŉ (slope failure) 

2.3 űœũŹŖĶžŧŚŦļŘŦŏŎźŨŠŎŦĶŏŘŘŌŭĶķŢļĹŦŎŌŧļŉũŎ ŲŚťŌŨŠŎźŧŌŪŹűŐŘŪŗŏűşŖŬŢŎ 

ŅŧŎŘŧĶŵŉźŢŗŹŧļŉŪ 

2.4 űœũŹŖĹŜŧŖŊźŧŎŌŧŎŲŎŜŘŧŏ (horizontal resistance) ķŢļųĹŘļşŘźŧļ 

2.5 ŐźŢļĶŦŎĶŧŘűĶũŉĶŧŘűĹŚŬŹŢŎŊŦŜķŢļŉũŎ (heaving) ŲŚťŚŉĹŜŧŖŗŧŜķŢļĿŪŌŵœŚŽ 

(sheet pile) ŴŎĶŧŘķŭŉŚūĶ 

2.6 ŐźŢļĶŦŎĹŜŧŖűşŪŗŠŧŗŌŪŹűĶũŉĽŧĶĶŧŘĶŹŢşŘźŧļŏŘũűŜňķźŧļűĹŪŗļŲŚťŏŘũűŜňŌŪŹ

űĿŬŹŢŖŊŹŢĶŦŎ 

2.7 ŐźŢļĶŦŎŠŚŭŖķŭŉķŎŧŉŴŠłŹ şŨŠŘŦŏŅŧŎŘŧĶŘťŉŦŏŚūĶ 

3. ĿŎũŉŲŚťŢŭŐĶŘňŽķŢļűşŧűķŸŖŉũŎ+ŀŪűŖŎŊŽųŉŗŌŦŹŜŵŐ 

3.1 ŜũōŪűĹŘŬŹŢļőşŖĹŜŧŖŉŦŎŊŹŨ (low pressure mechanical mixing) 

ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŜũōŪŎŪź ĽťľŪŉşŧŘűĹŖŪŀūŹļűŐŸŎŎźŨŐŮŎŀŪűŖŎŊŽŚļŵŐőşŖ

ĶŦŏŉũŎŲŚťŌŨĶŧŘŊŪĶŜŎőşŖűœŬŹŢŴŠźŉũŎŲŚťŐŮŎŀŪűŖŎŊŽűķźŧĶŦŎűŐŸŎűŎŬźŢűŉŪŗŜ ŴŏŖŪŉŌŪŹŴĿźĽťŖŪ

ŚŦĶŞňťűľœŧťŲŚťķŎŧŉĿŹŢļľŪŉŎźŨŐŮŎŌŪŹűŠŖŧťşŖ ĽťőşŖŊŪĶŜŎŢŗŮŹĶŦŏŌŪŹŠŚŭŖűĽŧťĽūļŵŖŹŖŪŐŦłŠŧ

ĶŧŘœŦļŌŚŧŗŠŘŬŢűşŧűķŸŖŉũŎŀŪűŖŎŊŽŖŪŘŮŐŘŹŧļőũŉŐĶŊũķŎŧŉķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽĽťűŌŹŧĶŦŏĹŜŧŖ

ĶŜźŧļķŢļŴŏŖŪŉŊŪĶŜŎ ĶŧŘőşŖŀŪűŖŎŊŽĶŦŏŎźŨŴŎŢŦŊŘŧşŹŜŎŌŪŹűŠŖŧťşŖĽťŌŨŴŠźĹŜŧŖűķźŖķźŎ

űŠŖŧťĶŦŏĶŧŘŌŨļŧŎ ŠŧĶűķźŖķźŎűĶũŎŵŐĽťűĶũŉŐŦłŠŧŢŭŉŊŦŎļŹŧŗŠŘŬŢűŠŚŜűĶũŎŵŐŌŨŴŠźŵŉźĶžŧŚŦļ

ŊŹŨşŨŠŘŦŏŢŭŐĶŘňŽŲŚťűĹŘŬŹŢļĽŦĶŘŌŪŹŴĿźŴŎĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŘŧŗŚťűŢŪŗŉŚŦĶŞňť

ĶŧŘĽŦŉŜŧļŢŭŐĶŘňŽŲŚťűĹŘŬŹŢļĽŦĶŘŊŹŧļ ŷ űűşŉļŉŦļŴŎŕŧœ 12 ŀūŹļŢŭŐĶŘňŽŲŚťűĹŘŬŹŢļĽŦĶŘŊŹŧļ ŷ 
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űűşŉļŉŦļŴŎŕŧœ 13 ŲŚťŕŧœ 14 ųŉŗŜũōŪűĹŘŬŹŢļőşŖĹŜŧŖŉŦŎŊŹŨŖŪŘŧŗŚťűŢŪŗŉŢŭŐĶŘňŽŲŚť

űĹŘŬŹŢļĽŦĶŘŊŹŧļ ŷ ŉŦļŎŪź 

1. űĹŘŬŹŢļűĽŧť &base machine) ŐŘťĶŢŏŉźŜŗ ŘŋűĽŧť &rig) ŠŦŜűĽŧť &mixing head) 

2. ĿŭŉĹŢŖœũŜűŊŢŘŽĹŜŏĹŭŖ &computer control set) ŐŘťĶŢŏŉźŜŗ ŠŎźŧĽŢűűŉļőŚ 

&moniter) űĹŘŬŹŢļŜŦŉĹŜŧŖŚūĶ &encoder) 

3. űűœŚźŎőşŖŎźŨŐŮŎ &mixing plant) ŐŘťĶŢŏŉźŜŗ ŋŦļőşŖ &mixing tank) ŌŹŢşŹļ

ŀŪűŖŎŊŽ &screw conveyor) ŋŦļűĶŸŏŐŮŎŀŪűŖŎŊŽ &cement silo) 

 

 

ŕŧœ 12 ŘŮŐŚŦĶŞňťĶŧŘĽŦŉŜŧļŢŭŐĶŘňŽķŢļŜũōŪűĹŘŬŹŢļőşŖĹŜŧŖŉŦŎŊŹŨŌŪŹŴĿźŴŎĶŧŘ

ĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 

 

3.2 ŜũōŪĶŧŘľŪŉŎźŨŐŮŎ (Jet Grouting) 

ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŜũōŪŎŪźĽťŴĿźşŧŘőşŖŴŎŘŮŐŲŏŏŎźŨŐŮŎ (slurry) œŹŎŉźŜŗ

ŲŘļŉŦŎşŮļŐŘťŖŧň 200 ŋūļ 400 ŏŧŘŽ őŹŧŎŘŮűŚŸĶ ŷ ŌŪŹŐŚŧŗŠŦŜűĽŧťœŘźŢŖĶŦŏŠŖŭŎĶźŧŎűĽŧť

űœŬŹŢŴŠźĶŧŘőşŖŴŎŘŮŐŲŏŏŎźŨŐŮŎőşŖŘŜŖűķźŧűŐŸŎűŎŬźŢűŉŪŗŜĶŦŎ űŖŬŹŢşŧŘőşŖŌŪŹűŐŸŎŎźŨŐŮŎŌŨ

ŐńũĶũŘũŗŧĶŦŏŉũŎųŉŗŘŢŏŲŚźŜĽťĶŚŧŗűŐŸŎŲŌŹļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 
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ŠŦŜűĽŧť 

 
ŠŎźŧĽŢŲşŉļőŚ 

 
ŊŦŜŘŋ űĹŘŬŹŢļœũŖœŽķźŢŖŮŚ 

 ŕŧœ /1 ŘŮŐŋŹŧŗűűşŉļŘŧŗŚťűŢŪŗŉűĹŘŬŹŢļűĽŧťķŢļŜũōŪűĹŘŬŹŢļőşŖĹŜŧŖŉŦŎŊŹŨ 

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 
 

   
ŋŦļűĶŸŏŐŮŎŀŪűŖŎŊŽ ŋŦļőşŖ ŌŹŢşŹļŀŪűŖŎŊŽ 

ŕŧœ /2 ŕŧœŋŹŧŗűűşŉļŘŧŗŚťűŢŪŗŉűűœŚźŎőşŖŎźŨŐŮŎķŢļŜũōŪűĹŘŬŹŢļőşŖĹŜŧŖŉŦŎŊŹŨ 

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 
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Takeda et al. (1998) ŢōũŏŧŗŜŹŧ ĶŧŘĶŨŠŎŉűşźŎőŹŧŝŮŎŗŽĶŚŧļķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ

ųŉŗ ŜũōŪĶŧŘľŪŉŎźŨŐŮŎĽťķūźŎĶŦŏĹŜŧŖĿŬźŎŲŚťĹŜŧŖűŠŎŪŗŜŴŎŖŜŚŉũŎŊŧŖōŘŘŖĿŧŊũ ň œŬźŎŌŪŹŎŦźŎ 

ŉŦļŎŦźŎĶŧŘŢŢĶŲŏŏűşźŎőŹŧŝŮŎŗŽĶŚŧļŢŧĽĹŧŉĶŧŘňŽŵŉźĽŧĶĶŧŘŌŉŚŢļŌŪŹőŹŧŎŖŧŉŦļşŘŭŐŵŉźŉŦļ

ŊŧŘŧļ 7 

 

ŊŧŘŧļ 7 ķŎŧŉűşźŎőŹŧŝŮŎŗŽĶŚŧļŌŪŹŢŢĶŲŏŏŊŧŖŚŦĶŞňťķŢļŉũŎ (Takeda et al., 1998) 

ĿŎũŉķŢļŉũŎ ŚŦĶŞňťķŢļŉũŎ 
űşźŎőŹŧŝŮŎŗŽĶŚŧļ

ŖŧŊŘŅŧŎ, (m) 

űŜŚŧŖŧŊŘŅŧŎ

şŨŠŘŦŏĶŧŘŐŘŦŏŐŘŭļ

Ĺŭňŕŧœ, (min/m) 

ŉũŎŌŘŧŗ 
N<5 0.6-1.5 3.0 

5¢N¢10 0.6-1.5 3.0 

ŉũŎűŠŎŪŗŜűĿŬŹŢŖŲŎŹŎ 

W=60-150% 

C¢1 t/m2 (W>100%) 0.6-1.5 3.0 

C¢3 t/m2 0.6-1.5 3.0 

ŉũŎŢŢŘŽŲĶŎŎũĹ 

W=150-1000% 

C¢1 t/m2 (W>500%) 0.6-1.5 8.0 

C¢3 t/m2 0.6-1.5 5.0 

ŠŖŧŗűŠŊŭ N ĹŬŢ ĽŨŎŜŎĶŧŘŊŢĶ STP, W ĹŬŢ ŐŘũŖŧňŎźŨŴŎŖŜŚŉũŎ, C ĹŬŢ ĹŹŧĹŜŧŖűĿŬŹŢŖŲŎŹŎŘťŠŜŹŧļŉũŎ  

űĶŞŖ űœĿŘűĶŊŭ &2541) şŘŭŐŜŹŧ ĶŧŘĶŘťĽŧŗķŢļŲŘļŉŦŎŎźŨŴŎųœŘļ ųŉŗŜũōŪĶŧŘľŪŉ

ŎźŨŐŮŎŌŪŹŘťŉŦŏĹŜŧŖŚūĶűŉŪŗŜĶŦŎĽťŚŉŚļŊŧŖŘťŗťűŜŚŧ ŌŪŹŘťŉŦŏĹŜŧŖŚūĶ 3 űŖŊŘ ĽťŚŉŚļűŘŸŜ

ĶŜŹŧŌŪŹŘťŉŦŏĹŜŧŖŚūĶ 6 űŖŊŘŲŚť 8 űŖŊŘ ŊŧŖŚŨŉŦŏ ŲŚťŲŘļŉŦŎŎźŨşŹŜŎűĶũŎŌŪŹŘťŉŦŏĹŜŧŖŚūĶ 3 

űŖŊŘ ĽťŖŪĹŹŧűķźŧŴĶŚźŝŮŎŗŽűŖŬŹŢűŜŚŧőŹŧŎŵŐ 66 ŜŦŎ  

şŨŠŘŦŏŢŭŐĶŘňŽŠŚŦĶŌŪŹŴĿźŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ űűŏŹļŵŉźűŐŸŎ 2 şŹŜŎŴŠłŹ ŷ 

ĶŚŹŧŜĹŬŢ şŹŜŎűĹŘŬŹŢļĽŦĶŘŠŚŦĶ &base machine) ŲŚťşŹŜŎųŘļļŧŎŊŦŜŲŌŎ (agent plant) 

űĹŘŬŹŢļĽŦĶŘŠŚŦĶĽťŉŨűŎũŎĶŧŘűĶŪŹŗŜĶŦŏĶŘťŏŜŎĶŧŘŢŦŉľŪŉ ŲŚťőşŖŎźŨŐŮŎŕŧŗŴŎŉũŎ ŴŎķňťŌŪŹ

şŹŜŎųŘļļŧŎŊŦŜŲŌŎĽťŖŪŠŎźŧŌŪŹŐźŢŎşŹŜŎőşŖŎźŨŐŮŎŌŪŹĽťŴĿźŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŴŠźĶŦŏ

űĹŘŬŹŢļĽŦĶŘŠŚŦĶŢŗŹŧļŊŹŢűŎŬŹŢļŲŚťűœŪŗļœŢ ŌŦźļŴŎŉźŧŎŐŘũŖŧňŲŚťĹŜŧŖŉŦŎ ųŉŗűĹŘŬŹŢļĽŦĶŘ ŲŚť

űĹŘŬŹŢļŖŬŢŠŚŦĶ ŷ ŉŦļŕŧœ 15 ŐŘťĶŢŏŉźŜŗ 

1. űĹŘŬŹŢļűĽŧťŲŚťŢŦŉľŪŉ űŐŸŎŝŮŎŗŽĶŚŧļĶŧŘĹŜŏĹŭŖŏŦļĹŦŏĶŧŘŌŨļŧŎŌŦźļŠŖŉ  

ŴĿźŘťŏŏĶŧŘŏŦļĹŦŏĶŧŘűĹŚŬŹŢŎŌŪŹĹŚźŧŗĶŦŏŘŋŲŏĹųţŚŽ şŧŖŧŘŋűĹŚŬŹŢŎŌŪŹŵŉźŘŢŏŊŦŜŌŭĶŌũŝŌŧļűœŬŹŢ

ĹŜŧŖŘŜŉűŘŸŜŴŎĶŧŘŌŨļŧŎ űŐŸŎŘŋűĽŧťŊŪŎŊťķŧŏ űŎŬŹŢļĽŧĶűĹŘŬŹŢļĽŦĶŘŖŪŎźŨŠŎŦĶŖŧĶ ŲŚť

ŊźŢļĶŧŘĹŜŧŖŎũŹļŖŧĶŌŪŹşŭŉķňťŌŨĶŧŘűĽŧťűœŬŹŢŴŠźűşŧűķŸŖŉũŎŀŪűŖŎŊŽŵŖŹŠŎŪŝŮŎŗŽ 
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2. ŋŦļűĶŸŏŐŮŎőļ ŲŚťŋŦļűĶŸŏŎźŨ (cement silo and water tank) ŴĿźŴŎĶŧŘűĶŸŏşŨŘŢļ

ŐŮŎŀŪűŖŎŊŽőļŲŚťŎźŨ ŌŪŹĽťŎŨŖŧŴĿźőşŖűŐŸŎŎźŨŐŮŎ 

3. ŋŦļőşŖ (mixer) űŐŸŎŢŭŐĶŘňŽŌŪŹŌŨŠŎźŧŌŪŹőşŖŐŮŎŀŪűŖŎŊŽőļĶŦŏŎźŨ ŴŠźűŐŸŎ 

űŎŬźŢűŉŪŗŜĶŦŎĶŹŢŎŌŪŹĽťŌŨĶŧŘŢŦŉľŪŉűķźŧŵŐŴŎĿŦźŎŉũŎŌŪŹŊźŢļĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœ 

4. ŋŦļĶŜŎ (agitator) űŐŸŎŕŧĿŎťŌŪŹŏŘŘĽŭŎźŨŐŮŎşžŧŘŢļŵŜźűœŬŹŢŘŢĶŧŘŢŦŉľŪŉ ŌŨŴŠź

ĶŧŘőşŖŴŎŋŦļőşŖŊŹŢűŎŬŹŢļ 

5. ŐŦŻŖŢŦŉľŪŉĹŜŧŖŉŦŎşŮļ (high pressure pump) űŐŸŎŢŭŐĶŘňŽŌŪŹŌŨŠŎźŧŌŪŹşŹļŋŹŧŗ 

ŎźŨŐŮŎŌŪŹőşŖűűŚźŜŵŐŊŧŖŘťŏŏŌŹŢŉźŜŗĹŜŧŖŉŦŎ 200 ŋūļ 400 ŏŧŘŽ 

6. űĹŘŬŹŢļűĽŧťŲŚťŢŦŉľŪŉ (jet grout drilling rig) ĿŭŉűĹŘŬŹŢļűĽŧťŌŦźļŠŖŉĽť 

ŊũŉŊŦźļŢŗŮŹŏŎŘŋŊŪŎŊťķŧŏ ŏŘũűŜňşŹŜŎŠŎźŧķŢļŊŦŜŘŋĽťŖŪŠŦŜűĽŧťşŜŹŧŎųŘŊŧŘŪŹŵţŉŘŢŚũĶ 

(hydraulic rotary drill head) ŊũŉŊŦźļŢŗŮŹŲŚťşŧŖŧŘŋűĹŚŬŹŢŎŌŪŹķūźŎŚļŴŎŲŎŜŉũŹļŵŉź 

 

3.3 ŜũōŪĶŧŘőşŖŲŠźļŲŏŏųŖŉũŔŧŗŉŽ (modified dry mixing, MDM) 

ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŜũōŪŎŪź ĽťŖŪĶŧŘűœũŹŖŎźŨűķźŧŵŐŴŎŖŜŚŉũŎűœŬŹŢ

ŐŘŦŏűŐŚŪŹŗŎĹŜŧŖĿŬźŎŌŪŹŖŪŢŗŮŹŴŎŖŜŚŉũŎ ĶŧŘűĽŧťőŹŧŎĿŦźŎŉũŎűűķŸļŌŨŵŉźļŹŧŗ ŲŚťŌŨŴŠźűşŧűķŸŖŉũŎ

ŀŪűŖŎŊŽŖŪűŎŬźŢűŉŪŗŜĶŦŎųŉŗŴĿźőļŀŪűŖŎŊŽŲŚťŎźŨŚļŵŐőşŖĶŦŏĿŦźŎŉũŎŌŪŹŊźŢļĶŧŘŐŘŦŏŐŘŭļ ľŪŉœŹŎŉźŜŗ

ĹŜŧŖŉŦŎŐŘťŖŧň 5 ŋūļ 6 ŏŧŘŽ ŀūŹļŘŮŌŪŹŐŚŹŢŗőļŀŪűŖŎŊŽŲŚťŎźŨĽťŲŗĶŢŢĶĽŧĶĶŦŎűŐŸŎ 

ĶŧŘŐźŢļĶŦŎĶŧŘŢŭŉŊŦŎ ŲŚťőşŖŊŪĶŜŎŴŠźűķźŧĶŦŎ 

Gunther et al. (2004) ŢōũŏŧŗŜŹŧ ŜũōŪ MDM űŐŸŎĶŧŘœŦŇŎŧŖŧĽŧĶŜũōŪĶŧŘőşŖŲŠźļ 

(dry mixing) ųŉŗŌŪŹűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŪŹŴĿźŜũōŪ MDM şŧŖŧŘŋĶŹŢşŘźŧļŵŉźŴŎĿŦźŎŉũŎűűķŸļ ŲŚť 

ĿŦźŎŌŘŧŗ ŀūŹļşŧŖŧŘŋĶŹŢşŘźŧļŵŉźŘŜŉűŘŸŜŲŚťŚŉĹŹŧŴĿźĽŹŧŗķŢļųĹŘļĶŧŘ 

şŨŠŘŦŏűĹŘŬŹŢļĽŦĶŘŲŚťŢŭŐĶŘňŽŠŚŦĶŌŪŹŴĿźŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎ şŧŖŧŘŋŲŗĶ

şŹŜŎŐŘťĶŢŏŌŪŹşŨĹŦłĹŬŢşŹŜŎŌŪŹŌŨŠŎźŧŌŪŹűĽŧťőşŖ ĶŦŏşŹŜŎŌŪŹűŐŹŧŐŮŎŀŪűŖŎŊŽőļ &carrier) ŉŦļŕŧœ 

16 ŐŘťĶŢŏŉźŜŗ 
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űĹŘŬŹŢļűĽŧťŲŚťŢŦŉľŪŉ ŋŦļĶŜŎ 

ŕŧœ /3 ŕŧœŋŹŧŗűűşŉļŘŧŗŚťűŢŪŗŉűĹŘŬŹŢļĽŦĶŘŲŚťűĹŘŬŹŢļŖŬŢŜũōŪĶŧŘŢŦŉľŪŉŎźŨŐŮŎ 

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 

 

1. űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűĽŧť &installer) űŐŸŎűĹŘŬŹŢļĽŦĶŘŌŪŹőŚũŊķūźŎşŨŠŘŦŏĶŧŘĶŹŢşŘźŧļ

űşŧűķŸŖŉũŎŀŪűŖŎŊŽųŉŗűľœŧť ŚŦĶŞňťķŢļűĹŘŬŹŢļĽŦĶŘşŧŖŧŘŋķŦŏűĹŚŬŹŢŎŉźŜŗűĹŘŬŹŢļŗŎŊŽŉŪűŀŚŏŎ

ŚźŢşŧŗœŧŎŊŪŎŊťķŧŏ ŖŪŲĶŎűĽŧťķŎŧŉűşźŎőŹŧŝŮŎŗŽĶŚŧļ 127 ŖũŚŚũűŖŊŘ ŗŧŜ 17.50 űŖŊŘ ŖŪ 

ŴŏĶŜŎőşŖŊũŉŊŦźļŢŗŮŹŌŪŹŐŚŧŗŉźŧŎŚŹŧļķŢļŲĶŎűĽŧť ŌŨŠŎźŧŌŪŹŴŎĶŧŘĶŜŎőşŖŐŮŎŀŪűŖŎŊŽőļĶŦŏ

ŉũŎűŉũŖ 

2. űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűŐŹŧŐŮŎŀŪűŖŎŊŽőļ ŴĿźşŨŠŘŦŏűŐŹŧŐŮŎŀŪűŖŎŊŽőļşŹļŵŐŗŦļ

űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűĽŧť űĹŘŬŹŢļĽŦĶŘşŧŖŧŘŋķŦŏűĹŚŬŹŢŎŉźŜŗűĹŘŬŹŢļŗŎŊŽŉŪűŀŚŏŎŚźŢşŧŗœŧŎ

ŊŪŎŊťķŧŏŏŎŊŦŜűĹŘŬŹŢļĽŦĶŘĽťŖŪŋŦļŵŀųŚŐŮŎşŨŠŘŦŏŏŘŘĽŭŐŮŎŀŪűŖŎŊŽőļŊũŉŊŦźļŢŗŮŹ ĽŨŎŜŎ 2 ŋŦļ 

şŧŖŧŘŋŏŘŘĽŭŐŮŎŀŪűŖŎŊŽ őļŵŉźĹŘŦźļŚťŐŘťŖŧň 25,000-26,000 ĶũųŚĶŘŦŖ 

 

3.4 ŜũōŪĶŧŘűĹŘŬŹŢļőşŖŲŘļŉŦŎşŮļ (high pressure mechanical mixing) 

ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŜũōŪŎŪźűŐŸŎĶŧŘŎžŧűŌĹŎũĹĶŧŘűĽŧťŲŚťĶŧŘŢŦŉľŪŉ 

ŎźŨŐŮŎŖŧŐŘťŗŭĶŊŽŴĿź ųŉŗĽťľŪŉŎźŨŐŮŎŀŪűŖŎŊŽŚļŵŐőşŖĶŦŏŉũŎŉźŜŗŲŘļŉŦŎŊŦźļŲŊŹ 50 ŋūļ 400 ŏŧŘŽ

ŊŚŢŉűŜŚŧŲŚťŌŨĶŧŘŊŪĶŜŎőşŖűœŬŹŢŴŠźŉũŎŲŚťŐŮŎŀŪűŖŎŊŽűķźŧĶŦŎűŐŸŎűŎŬźŢűŉŪŗŜ ŀūŹļķŎŧŉķŢļ

űşŧűķŸŖŉũŎŀŪűŖŎŊŽĽťűŌŹŧĶŦŏĹŜŧŖĶŜźŧļķŢļŴŏŖŪŉŊŪĶŜŎşŨŠŘŦŏűĹŘŬŹŢļŖŬŢŲŚťűĹŘŬŹŢļĽŦĶŘŌŪŹŴĿźŌŪŹ

ŎžŧŖŧŴĿźűűşŉļŉŦļŕŧœ 17 ŐŘťĶŢŏŉźŜŗ 
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1. űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏĶŧŘűĽŧť şŧŖŧŘŋķŦŏűĹŚŬŹŢŎŉźŜŗűĹŘŬŹŢļŗŎŊŽŉŪűŀŚŏŎ 

ŚźŢşŧŗœŧŎŊŪŎŊťķŧŏ ŖŪŠŦŜűĽŧťűűŏŏųŘŊŧŘŪŹ (rotary) ŀūŹļŠŖŭŎŵŐœŘźŢŖ ŷ ĶŦŏĶźŧŎűĽŧť ŠŦŜűĽŧť

ĽťŖŪŘŮŠŦŜľŪŉ &nozzles) ŎźŨŐŮŎŉźŜŗŲŘļŉŦŎŊŚŢŉűŜŚŧ ŴŎķňťűŉŪŗŜĶŦŎŌŪŹŠŦŜűĽŧťŲŚťĶźŧŎűĽŧť

ŠŖŭŎĶŜŎőşŖŉũŎĶŦŏŀŪűŖŎŊŽűķźŧŉźŜŗĶŦŎŊŧŖœŧŘŧŖũűŊŢŘŽŊŹŧļ ŷ ŌŪŹŵŉźĽŧĶŧŘŌŨűşŧűķŸŖŉũŎŀŪűŖŎŊŽ

ŊŦŜŢŗŹŧļŴŎşŎŧŖ 

2. ĿŭŉŢŭŐĶŘňŽőşŖŎźŨŐŮŎ ĽťŊźŢļŖŪşŖŘŘŋŎťŌŪŹĽťőşŖŲŚťűĶŸŏŎźŨŐŮŎŐŘũŖŧňűœŪŗļ

œŢŌŪŹĽťşŹļŴŠźűĹŘŬŹŢļűĽŧť ŖŪŘťŏŏĶŧŘĹŜŏĹŭŖűűŏŏŢŦŊųŎŖŦŊũŊŦźļŲŊŹĶŧŘőşŖ ĶŦĶűĶŸŏŎźŨŐŮŎ ŲŚť 

ŢŦŉľŪŉ 

3. ŐŦŻŖŲŘļŉŦŎşŮļşŨŠŘŦŏŢŦŉľŪŉŎźŨŐŮŎ ŖŪşŖŘŘŋŎťŴŎĶŧŘŢŦŉľŪŉŎźŨŐŮŎŉźŜŗ 

ŲŘļŉŦŎŊŦźļŲŊŹ 50 ŋūļ 400 ŏŧŘŽ ŢŦŊŘŧĶŧŘľŪŉşŮļşŭŉ 236 ŚũŊŘ-ŎŧŌŪ 

 

4. ķźŢĶŨŠŎŉĶŧŘŢŢĶŲŏŏűşŧűķŸŖŉũŎŀŪűŖŎŊŽ 

1. ĹŹŧŢŦŊŘŧşŹŜŎĹŜŧŖŐŚŢŉŕŦŗŌŪŹŵŉźĽŧĶĶŧŘŜũűĹŘŧťŠŽűşŋŪŗŘŕŧœķŢļĹŚŢļŘťŏŧŗŎźŨ 

ŲŚťŋŎŎ ŊźŢļŖŪĹŹŧŵŖŹŊŹŨĶŜŹŧ 1.30 şŨŠŘŦŏĿŹŜļűŜŚŧŘťŠŜŹŧļĶŧŘĶŹŢşŘźŧļ ŲŚťŵŖŹŊŹŨĶŜŹŧ 1.50 

şŨŠŘŦŏĿŹŜļűŜŚŧŕŧŗŠŚŦļĽŧĶĶŧŘĶŹŢşŘźŧļŊŧŖĶŧŘŴĿźļŧŎŴŎşŕŧœŐĶŊũ 

2. ŎźŨŠŎŦĶŏŘŘŌŭĶŌŪŹĶŘťŌŨŏŎŉũŎűŉũŖŏŘũűŜňĹŦŎĹŚŢļ ŐŘťĶŢŏŉźŜŗŎźŨŠŎŦĶŉũŎŋŖ 

ĹŦŎŋŎŎŲŚťŎźŨŠŎŦĶŗŜŉŗŧŎŌŪŹŜũŹļŏŎŋŎŎųŉŗœũĽŧŘňŧŜŹŧŎźŨŠŎŦĶŏŘŘŌŭĶĽŧĶŗŜŉŗŧŎşŦłĽŘŏŎ

őũŜŋŎŎŴŎşŕŧœŴĿźļŧŎŠŚŦļĶŹŢşŘźŧļŲŚźŜűşŘŸĽŖŪĹŹŧűľŚŪŹŗŵŖŹŎźŢŗĶŜŹŧ 1,000 ĶũųŚĶŘŦŖ-ŊŧŘŧļűŖŊŘ 

ŲŚťşŨŠŘŦŏĶŘňŪŘťŠŜŹŧļĶŧŘĶŹŢşŘźŧļŎźŨŠŎŦĶĽŘűľŚŪŹŗĽŧĶűĹŘŬŹŢļĽŦĶŘŴŠźĹũŉŵŖŹŎźŢŗĶŜŹŧ 2,000 

ĶũųŚĶŘŦŖ-ŊŧŘŧļűŖŊŘ ŴŎœŬźŎŌŪŹŏŘũűŜňŌŪŹűĹŘŬŹŢļĽŦĶŘŌŨļŧŎ 

3. ŴŎĶŧŘŢŢĶŲŏŏ ŴŠźĹŜŏĹŭŖĶŧŘŌŘŭŉŊŦŜŌŪŹűĶũŉķūźŎŴŎŘťŗťŗŧŜ &20 ŐŪ' ŵŖŹűĶũŎ 0.30 

Ŗ, ŲŚťŊŦŜűşŧűķŸŖŉũŎ+ŀŪűŖŎŊŽ &soil cement column) şŧŖŧŘŋŘŦŏŎźŨŠŎŦĶŏŘŘŌŭĶŲŎŜŉũŹļŵŉźųŉŗŖŪ

ŢŦŊŘŧşŹŜŎĹŜŧŖŐŚŢŉŕŦŗŵŖŹŊŹŨĶŜŹŧ 1.50 

4. ŴŎĶŧŘŌŉşŢŏŕŧĹşŎŧŖűœŬŹŢŠŧŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŊŹŢŠŎŹŜŗŐŘũŖŧŊŘķŢļŉũŎŌŪŹ

űŠŖŧťşŖŌŪŹĽťŴĿźŌŨűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŀūŹļĽťŊźŢļŵŖŹŊŹŨĶŜŹŧ 220 ĶĶ,-Śŏ,Ŗ, ĽťŊźŢļŌŨŲŐŚļ

ŌŉŚŢļĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŴŎŏŘũűŜňşŋŧŎŌŪŹĶŹŢşŘźŧļĽŘũļ ŌŦźļŎŪźŢŧĽŴĿźőŚĽŧĶĶŧŘŌŉŚŢļ

ŴŎŠźŢļŐńũŏŦŊũĶŧŘŖŧűŐŸŎĽŭŉűŘũŹŖŊźŎŴŎĶŧŘŌŉŚŢļĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŴŎşŎŧŖ ŜũōŪ 

ĶŧŘĶŹŢşŘźŧļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŪŹűŠŖŧťşŖĶŦŏşŕŧœŴŎşŎŧŖŎŪźķūźŎŖŧųŉŗűľœŧť ŘŜŖŌŦźļŊźŢļŌŨ

ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŉūļķŢļœŬźŎőũŜĹŢŎĶŘŪŊ (pull out test) űœŬŹŢŊŘŜĽşŢŏĹŜŧŖşŖŹŨűşŖŢ
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ķŢļķŎŧŉűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŲŚťŖŪĶŧŘŌŉşŢŏĶŧŘŘŦŏŎźŨŠŎŦĶŴŎŲŎŜŉũŹļ &pile load test) ķŢļ

űşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŴŎŏŘũűŜňœŬźŎŌŪŹĶŹŢşŘźŧļ 

ŴŎşŹŜŎķŢļĶŧŘĹŜŏĹŭŖĹŭňŕŧœűŎŬźŢŜŦşŉŭŉũŎŀŪűŖŎŊŽ ĽŨŎŜŎŵŖŹŎźŢŗĶŜŹŧ 90% ķŢļ

ŊŦŜŢŗŹŧļŌŪŹűĽŧťűŐŸŎŲŌŹļ (cored samples) ŌŪŹűŚŬŢĶĽŧĶĹŜŧŖŚūĶŌŭĶŘťŗť 1.00 Ŗ, ĽŧĶĶŧŘűĽŧť

űĶŸŏŊŦŜŢŗŹŧļŊŹŢűŎŬŹŢļĽŧĶűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ĽťŊźŢļŖŪĹŹŧĶžŧŚŦļŘŦŏŲŘļűľŬŢŎ ŀūŹļŌŉşŢŏŉźŜŗ

ŜũōŪĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (unconfined compression test) ŌŪŹŢŧŗŭ 14 ŜŦŎ ŵŖŹŊŹŨ

ĶŜŹŧ 800 kPa ŲŚťŌŪŹŢŧŗŭ 18 ŜŦŎ ŵŖŹŊŹŨĶŜŹŧ 1 MPa şŨŠŘŦŏűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŪŹĶŹŢşŘźŧļŏŘũűŜň

ŚŧŉŉźŧŎŴŎĹŦŎĹŚŢļ ŌŪŹŢŧŗŭ 14 ŜŦŎ ŵŖŹŊŹŨĶŜŹŧ 450 kPa ŲŚťŌŪŹŢŧŗŭ 28 ŜŦŎŵŖŹŊŹŨĶŜŹŧ 600 kPa 

şŨŠŘŦŏŘŢļŘŦŏŏŘũűŜňŋŎŎŲŚťŋŎŎŏŎĹŦŎĹŚŢļ 

 

  
ŴŏĶŜŎ űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűĽŧť 

  
űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűŐŹŧŐŮŎŀŪűŖŎŊŽ ŠŎźŧĽŢűűşŉļőŚ 

ŕŧœ /4 ŕŧœŋŹŧŗűűşŉļŘŧŗŚťűŢŪŗŉűĹŘŬŹŢļĽŦĶŘŲŚťűĹŘŬŹŢļŖŬŢŜũōŪĶŧŘőşŖŲŠźļŲŏŏųŖŉũŔŧŗŉŽ  

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 
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űĹŘŬŹŢļĽŦĶŘşŨŠŘŦŏűĽŧť ŵŀųŚŐŮŎŀŪűŖŎŊŽ 

  
ŐŦŻŖŲŘļŉŦŎşŮļ ŢŭŐĶŘňőşŖŎźŨŐŮŎ 

 

ŕŧœ 17 ŕŧœŋŹŧŗŲşŉļŘŧŗŚťűŢŪŗŉűĹŘŬŹŢļĽŦĶŘŲŚťűĹŘŬŹŢļŖŬŢ ŜũōŪűĹŘŬŹŢļőşŖŲŘļŉŦŎşŮļ 

ŌŪŹŖŧ: ŜŘŧĶŘ ŵŖźűŘŪŗļ ŲŚťşŖœļŝŽ ųŘĽŎŽĶŦļşŉŧŚ (2553) 

 

ĶŧŘŠŉŊŦŜķŢļŉũŎőşŖŐŮŎŀŪűŖŎŊŽ 

ĽŧĶĶŧŘŝūĶŞŧŴŎŢŉŪŊķŢļ Puppala et al. (2006) œŏŜŹŧ ĶŧŘŠŉŊŦŜűĶũŉķūźŎŴŎŘťŠŜŹŧļ

ĶŧŘĶŹŢşŘźŧļ ĶŧŘŘŦŏŎźŨŠŎŦĶŌŪŹőũŜ ŲŚťĶŧŘűŐŚŪŹŗŎŲŐŚļķŢļşŕŧŜťŲŜŉŚźŢŖ şŕŧŜťĶŧŘŠŉŊŦŜ
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ķŢļŉũŎűŠŎŪŗŜŢŹŢŎĽťŌŨŴŠźűĶũŉĶŧŘŲŊĶŘźŧŜŴŎŲŎŜķŜŧļĶŦŏųĹŘļşŘźŧļŋŎŎ &transverse crack) 

ŀūŹļűŘũŹŖűĶũŉĽŧĶŵŠŚŹŌŧļĶŹŢŎŲŚźŜŎŨŵŐşŮŹĶŧŘŲŊĶŘźŧŜŴŎŲŎŜķŎŧŎĶŦŏųĹŘļşŘźŧļŋŎŎ 

&longitudinal crack) ŴŎűŜŚŧŊŹŢŖŧ ŉŦļŎŦźŎŢũŌōũœŚķŢļĶŧŘŠŉŊŦŜķŢļŜŦşŉŭŎŦźŎĽūļűŐŸŎŐŦĽĽŦŗşŨĹŦł

ŌŪŹĹŜŘĹŨŎūļŋūļ ŴŎŉźŧŎŜũŝŜĶŘŘŖōŘňŪŲŌŏĽťŠŚŪĶűŚŪŹŗļŐŦłŠŧŉŦļĶŚŹŧŜŵŐŵŖŹŵŉź űœŘŧťĶŧŘ

ŲŊĶŘźŧŜŗŦļşŹļőŚĶŘťŌŏŊŹŢĶŧŘŵŠŚőŹŧŎķŢļŎźŨŢŗŹŧļŖŪŎŦŗşŨĹŦł ŘŜŖŵŐŋūļĹŹŧĶŨŚŦļŘŦŏŲŘļűľŬŢŎ 

ĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉ ŲŚťűşŋŪŗŘŕŧœķŢļŉũŎ ŌŦźļŎŪźŴŎŐŦĽĽŭŏŦŎűĿŬŹŢĶŦŎŜŹŧĶŧŘŚŉĶŧŘŠŉŊŦŜŎŦźŎŊźŢļ

ŐźŢļĶŦŎĶŧŘŘťűŠŗŢŢĶķŢļŎźŨŢŗŹŧļŖũŉĿũŉ ŠŘŬŢŊźŢļŐŘŦŏŐŘŭļĹŭňŕŧœķŢļŉũŎŎŦźŎűşŪŗĶŹŢŎ 

ĶŧŘŲŊĶŘźŧŜĽŧĶĶŧŘŠŉŊŦŜ űĶũŉĽŧĶĶŧŘűŐŚŪŹŗŎŲŐŚļŐŘũŖŧňŎźŨŴŎŖŜŚŉũŎ űŖŬŹŢ

ŐŘũŖŧňŎźŨŴŎĿŹŢļŜŹŧļŚŉŚļĽťŌŨŴŠźűĶũŉĹŜŧŖűĹźŎŉūļŘťŠŜŹŧļŢŎŭŕŧĹķŢļŉũŎűŠŎŪŗŜ ŲŚť

ĶŹŢŴŠźűĶũŉŲŘļŕŧŗŴŎŌŪŹşŮļķūźŎ ĽŎĶŘťŌŦŹļşŮļŖŧĶĶŜŹŧŲŘļŗūŉűŠŎŪŹŗŜŘťŠŜŹŧļŢŎŭŕŧĹ ŌŨŴŠźŢŎŭŕŧĹ

ķŢļŉũŎűŠŎŪŗŜŲŗĶŊŦŜŢŢĶĽŧĶĶŦŎĽŎűĶũŉĶŧŘŲŊĶŘźŧŜ ĽŧĶŎŦźŎŢŎŭŕŧĹķŢļŉũŎĽťŐŘŦŏşŕŧœűķźŧşŮŹ

ŐĶŊũųŉŗĶŧŘűŐŚŪŹŗŎŲŐŚļĿŹŢļŜŹŧļŘťŠŜŹŧļŢŎŭŕŧĹ ŲŚťűķźŧşŮŹşŕŧŜťşŖŉŭŚŌŪŹŀūŹļŲŘļŗūŉűŠŎŪŹŗŜ

ŘťŠŜŹŧļŢŎŭŕŧĹŗŦļşŧŖŧŘŋŊźŧŎŌŧŎŲŘļŉūļĽŧĶĶŧŘŠŉŊŦŜŵŉź ĶŧŘűŐŚŪŹŗŎŲŐŚļŚŦĶŞňťŎŪźűĶũŉ

ĽŧĶşŕŧŜťŌŦźļŕŧŗŎŢĶŌŪŹŖŧĶŘťŌŨŀūŹļŵŖŹşŧŖŧŘŋŠŚŪĶűŚŪŹŗļŵŉź ųŉŗĶŧŘűĶũŉŎŦźŎĽťķūźŎŢŗŮŹĶŦŏ

ŢļĹŽŐŘťĶŢŏķŢļŢŎŭŕŧĹ ŢŭňŠŕŮŖũ ŲŚťĿŹŢļŜŹŧļķŢļķŢļűŠŚŜŌŪŹŢŗŮŹŘťŠŜŹŧļŢŎŭŕŧĹ ųŉŗ 

ĶŧŘŲŊĶŘźŧŜķŢļŋŎŎŌŪŹűĶũŉĽŧĶĶŧŘŠŉŊŦŜķŢļųĹŘļşŘźŧļĿŦźŎĹŦŎŌŧļ (subgrade soil) ŲşŉļŉŦļ

ŕŧœ 18 

 

ŕŧœ 18 ĶŧŘŲŊĶŘźŧŜķŢļŋŎŎ  

ŌŪŹŖŧ: Puppala et al. (2006) 
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/, ĶŚŵĶĶŧŘŚŉĶŧŘŠŉŊŦŜķŢļŉũŎőşŖŐŮŎŀŪűŖŎŊŽ 

Cho et al. (2006) ŵŉźŢōũŏŧŗűĶŪŹŗŜĶŦŏĶŚŵĶĶŧŘŌŨļŧŎķŢļŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜ 

(shrinkage-reducing agent) ŀūŹļűŐŸŎŊŦŜŢŢĶřŌōũŽŲŏŏœŬźŎőũŜŵŖŹŖŪŐŘťĽŭ (nonionic surface) 

şŧŖŧŘŋŚŉŲŘļŊūļőũŜķŢļŎźŨŴŎųœŘļŲĹœũŚŚŧŘŪ (capillary pores) ŀūŹļųœŘļŲĹœũŚŚŧŘŪűĶũŉķūźŎ

ŘťŠŜŹŧļĿŦźŎķŢļŀŪűŖŎŊŽűĽŚ (cement gel) ĶŦŏŎźŨşŹŜŎűĶũŎ űŖŬŹŢŊŦŜŎŨŉŦļĶŚŹŧŜŋŮĶűœũŹŖŚļŴŎŀŪűŖŎŊŽ

űĽŚ ŌŨŴŠźűĶũŉĶŧŘŉŮŉŢŎŭŕŧĹĹŜŧŖĿŬźŎŊŧŖœŬźŎőũŜķŢļŢŎŭŕŧĹŎźŨűĽŚ (gel water) ŲŚťşŘźŧļŲŘļ 

FAS űœŬŹŢŉūļŉŮŉŢŎŭŕŧĹœŬźŎőũŜķŢļŎźŨŵŐŗŦļŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜ ŲŘļ FAA ŌŪŹűŐŸŎŲŘļŉūļŎźŨŢŢĶĽŧĶ

ųœŘļŲĹœũŚŚŧŘŪĽťŚŉŚļ şŹļőŚųŉŗŘŜŖŌŨŴŠźŲŘļŊūļőũŜŚŉŚļűŖŬŹŢĶŧŘŘťűŠŗķŢļŎźŨşŹŜŎűĶũŎ

şũźŎşŭŉĽūļŌŨŴŠźĶŧŘŠŉŊŦŜŚŉŚļ ŉŦļŲşŉļŴŎŕŧœ 19 ųŉŗŴŎļŧŎŜũĽŦŗŎŪźŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜĹŬŢ 

űŋźŧŚŢŗ 

 

&Ķ' 

 

&ķ' 

ŕŧœ /7 ĶŚŵĶķŢļŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜ (Ķ) ŲŏŏŵŖŹŖŪŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜ (ķ) ŲŏŏŌŪŹ

ŖŪŊŦŜŎŨŌŪŹŚŉĶŧŘŠŉŊŦŜ 

ŌŪŹŖŧ: Cho et al. (2006)  
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2. ĶŧŘŐŘťŖŧňĶŧŘŠŉŊŦŜŉźŜŗŜũōŪĶŧŘŐŘťŖŜŚőŚŕŧœŉũĽũŌŦŚ  

Katha et al (2002) ĽŧĶ The University of Texas at Arlington ŵŉźŌŨĶŧŘŊŘŜĽŜŦŉ 

ĶŧŘŠŉŊŦŜķŢļĶŚŭŹŖŊŦŜŢŗŹŧļŉũŎųŉŗŌŨĶŧŘŋŹŧŗŕŧœŊŦŜŢŗŹŧļŀūŹļŢŗŮŹŴŎŲŏŏŠŚŹŢşŪŹűŠŚŪŹŗŖķŎŧŉűŚŸĶ

ŲŚźŜŌŨĶŧŘŊŦŉŕŧœŴŠźűŠŚŬŢűœŪŗļŲĹŹķŎŧŉŲŏŏŠŚŹŢŌŪŹűŐŸŎķŎŧŉűŘũŹŖŊźŎķŢļŊŦŜŢŗŹŧļŉŦļŲşŉļŴŎ

ŕŧœ 20 ųŉŗŘŮŐŊŦŜŢŗŹŧļĽťŋŮĶŉŨűŎũŎĶŧŘųŉŗųŐŘŲĶŘŖ scion image software ŲŚźŜŌŨĶŧŘŠŧ

ĹŹŧœũĶűŀŚűŘũŹŖŊźŎķŢļŕŧœŌŪŹŋŮĶŊŦŉŲŊŹļķŢŏűŘŪŗŏŘźŢŗŲŚźŜ ĽŧĶŎŦźŎĶŸŌŨĶŧŘŠŧĹŹŧœũĶűŀŚķŢļ 

ŘŢŗŲŊĶŲŚťŘŢŗĶŧŘŠŉŊŦŜŊŹŧļŷķŢļŊŦŜŢŗŹŧļ ŠŚŦļĽŧĶŎŦźŎŌŨĶŧŘŠŧĹŹŧĶŧŘŠŉŊŦŜŵŉźųŉŗĶŧŘŠŧ

ĹŹŧŢŦŊŘŧŘťŠŜŹŧļœũĶűŀŚŘŢŗŲŊĶŲŚťŘŢŗĶŧŘŠŉŊŦŜŊŹŧļ ŷ ŲŚťœũĶűŀŚűŘũŹŖŊźŎ 

 

 

ŕŧœ 20 ŕŧœŋŹŧŗŉũŎŊŦŜŢŗŹŧļŌŪŹŋŮĶŊŦŉŲŊŹļķŢŏ 

ŌŪŹŖŧ: Katha et al. (2002) 

 

ųŉŗ Katha ŵŉźŌŨĶŧŘŌŉşŢŏŉũŎŌŦźļŠŖŉ 4 ĿŎũŉ ųŉŗ 2 ĿŎũŉŲŘĶ űŐŸŎŉũŎűŠŎŪŗŜŌŪŹŋŮĶ

şŘźŧļķūźŎŖŧ (Artificial soil) ŲŚťŢŪĶ 2 ĿŎũŉŌŪŹűŠŚŬŢ űŐŸŎŉũŎűŠŎŪŗŜōŘŘŖĿŧŊũ (natural soil) ŲŚťŵŉź

ŌŨĶŧŘŌŉşŢŏűŌŪŗŏĶŦŎŘťŠŜŹŧļĶŧŘŴĿźűŜŢŘŽűŎŪŗĹŧŚũűŐŢŘŽ (vernier calipers) űŐŸŎĶŧŘŜŦŉŲŏŏ

ŲŖŎŎŜŚ (manual measurement) ŲŚťűŌĹŎũĹŕŧœŉũĽũŊŢŚ (digital image technique) 

űŐŘŪŗŏűŌŪŗŏĶŦŎ ųŉŗőŚĶŧŘşŢŏűŌŪŗŏŲşŉļŴŎŕŧœ 21 

ĽŧĶőŚŉŦļĶŚŹŧŜœŏŜŹŧűĶũŉĹŜŧŖŲŊĶŊŹŧļŘťŠŜŹŧļĶŧŘŜŦŉųŉŗŜũōŪĶŧŘŜŦŉŲŏŏŲŖŎŎŜŚ 

(manual measurement) ŌŪŹűŐŸŎĶŧŘŜŦŉŲŏŏ 1 ŖũŊũ ŲŚťűŌĹŎũĹŕŧœŉũĽũŊŢŚ (digital image 

technique) ŌŪŹűŐŸŎĶŧŘŜŦŉŲŏŏ 2 ŖũŊũ ųŉŗŖŪĹŜŧŖŲŊĶŊŹŧļĶŦŎŐŘťŖŧň 3 ŋūļ 12% ŲŚťŴŠźűŠŊŭőŚ

ŋūļķźŢŲŊĶŊŹŧļŜŹŧ ĹŹŧĹŜŧŖŊŹŧļŎŦźŎŢŧĽűĶũŉĽŧĶĹŜŧŖőũŉœŚŧŉŴŎĶŧŘŜŦŉŲŚťĿŎũŉķŢļ 

ĶŧŘŌŉşŢŏ (űŐŸŎĶŧŘŜŦŉ 1 ŖũŊũ ĶŦŏ 2 ŖũŊũ ŀūŹļŋŬŢŵŉźŜŹŧűŐŸŎĶŧŘŌŉşŢŏŌŪŹŖŪĿŎũŉŊŹŧļĶŦŎ)  
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ŌŪŹŖŧ: Katha et al. (2002) 

Tang et al. (2008) ŵŉźŝūĶŞŧŐŦĽĽŦŗŌŪŹŖŪŢũŌōũœŚŊŹŢųĹŘļşŘźŧļŌŧļűŘķŧĹňũŊķŢļŘŢŗŲŊĶ

ŌŪŹŠŉŊŦŜŏŎœŬźŎőũŜķŢļŉũŎűŠŎŪŗŜ ųŉŗĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŴĿźŜũōŪŕŧœŋŹŧŗ (image processing) 

ųŐŘŲĶŘŖ Pore and Crack Analysis System (PCAS) ŴŎĶŧŘŜũűĹŘŧťŠŽŚŦĶŞňťŘŢŗŲŊĶ ļŧŎŜũĽŦŗ

ŎŪźŌŨĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŌŪŹşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ųŉŗĶŧŘűŊŘŪŗŖŊŦŜŢŗŹŧļŎŨŊŦŜŢŗŹŧļŌŪŹ

őşŖűşŘŸĽŠŚŹŢŴşŹŴŎŲőŹŎŲĶźŜŌŪŹŖŪķŎŧŉ 16 x 16 cm ŖŪĹŜŧŖŠŎŧķŢļŊŦŜŢŗŹŧļŢŗŮŹ 3 ŢŗŹŧļ ĹŬŢ 5 

8 ŲŚť 11 mm ŲŚźŜŎŨŵŐŢŏŲŠźļŌŪŹ 3 ŢŭňŠŕŮŖũĹŬŢ 30, 40 ŲŚť 50 °C şŨŠŘŦŏĶŧŘŌŉşŢŏ 

ĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ ŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŉźŜŗĶŧŘŌŨŴŠźűŐŪŗĶ ŲŚťŎŨŵŐŢŏŲŠźļ 

ŀūŹļĽťŌŨŀźŨŜŎűŐŸŎŘŢŏ űŘũŹŖĽŧĶĶŧŘűŊŘŪŗŖŊŦŜŢŗŹŧļ 3 ŊŦŜŢŗŹŧļŖŧőşŖĶŦŏŎźŨĽŎŢũŹŖŊŦŜ &ŐŘũŖŧň

ŎźŨ 7.#' ŲŚťĽŧĶŎŦźŎŎŨŵŐŢŏŲŠźļ ŎŪźĹŬŢ şŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŘŢŏŲŘĶ ĽŧĶŎŦźŎĶŧŘŌŨŴŠźűŐŪŗĶ

ŌŪŹŘŢŏşŢļűŘũŹŖŊźŎųŉŗĶŧŘűŊũŖŎźŨŌŦŎŌŪŚļŴŎŲőŹŎŲĶźŜ ųŉŗŴŠźŉũŎŲŚťŎźŨŐŘŦŏşŖŉŭŚ 26 ĿŦŹŜųŖļ ŴŎ

ĶŘťŏŜŎĶŧŘŎŪź ĽťŖŪŐŘũŖŧňŎźŨŌŪŹűœŪŗļœŢűœŬŹŢŌŨŴŠźŉũŎűĶũŉĹŜŧŖŢũŹŖŊŦŜŉźŜŗŎźŨűŊŸŖŌŪŹ ŲőŹŎĶŘťĽĶ

ŋŮĶŠŹŢŉźŜŗŲőŹŎœŚŧşŊũĶűœŬŹŢŐźŢļĶŦŎĶŧŘŘťűŠŗķŢļĹŜŧŖĿŬźŎ űŖŬŹŢĶŧŘŌŨŴŠźűŐŪŗĶűşŘŸĽşŖŏŮŘňŽ

 

ŕŧœ 0/ ĹŹŧĽŧĶŌŉşŢŏĶŧŘŠŉŊŦŜ ųŉŗŜũōŪ manual measurement ŲŚť digital 

image technique 
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ĽťŎŨŊŦŜŢŗŹŧļŉũŎŵŐŢŏŲŠźļŢŪĶĹŘŦźļ ųŉŗşŕŧŜťĶŧŘŌŨŴŠźűŐŪŗĶŲŚťĶŧŘŢŏŲŠźļŘŢŏŌŪŹşŧŖŌŨ

ĹŚźŧŗĶŦŏŘŢŏŌŪŹşŢļ  

Tang et al. (2012) ŵŉźŌŨĶŧŘŝūĶŞŧŚŦĶŞňťĶŧŘŲŊĶŘźŧŜŲŏŏőūŹļŲŠźļķŢļŉũŎűŠŎŪŗŜ

őşŖűşźŎŴŗųœŘœũŚŪŎ ųŉŗĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŉźŜŗŜũōŪŕŧœŋŹŧŗ (image processing) ŀūŹļĶŧŘ

űŊŘŪŗŖŊŦŜŢŗŹŧļķŢļŉũŎűŠŎŪŗŜőşŖűşźŎŴŗ űŘũŹŖĽŧĶŎŨŊŦŜŢŗŹŧļŌŪŹőşŖűşŘŸĽŠŚŹŢŴşŹŴŎŲőŹŎŲĶźŜŌŪŹŖŪ

ķŎŧŉ 16 x 16 cm ŖŪĹŜŧŖŠŎŧķŢļŊŦŜŢŗŹŧļ 8 mm ŲŚźŜŎŨŵŐŢŏŲŠźļĽŧĶŎŦźŎŎŨŊŦŜŢŗŹŧļŵŐ

ŋŹŧŗŕŧœĶŦŏĶŚźŢļŌŪŹŋŮĶŊũŉŊŦźļŢŭŐĶŘňŽŵŜźŉŦļŕŧœ 22 ŲŚźŜŎŨŕŧœŋŹŧŗŎŨŵŐűķźŧųŐŘŲĶŘŖ PCAS ŌŪŹ

ŋŮĶœŦŇŎŧķūźŎŴŎļŧŎŜũĽŦŗŎŪźŀūŹļşŧŖŧŘŋŜũűĹŘŧťŠŽŘŢŗŲŊĶĽŧĶĶŧŘŠŉŊŦŜųŉŗűľœŧť ŉŦļŕŧœ 23 

ųŉŗĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗŉźŜŗųŐŘŲĶŘŖ PCAS ŋŮĶŴĿźŴŎűĿũļŐŘũŖŧň ĶŧŘŢōũŏŧŗ

ŚŦĶŞňťŘŮŐŲŏŏŘŢŗŲŊĶ ŖŪķŦźŎŊŢŎŉŦļŎŪź 

1. ŕŧœŋŹŧŗşŪŌŪŹŋŮĶŲŐŚļűŐŸŎŕŧœŘťŉŦŏşŪűŌŧ (ŕŧœ 24Ķ) 

2. ŕŧœŘťŉŦŏşŪűŌŧŋŮĶŲŐŚļűŐŸŎŵŏŎŧŘŪŉŨ (binary black) ŲŚťŕŧœşŪķŧŜ &ŕŧœ 24ķ) 

ųŉŗŴĿź binarisation ŴŎŘŮŐŌŪŹ ŕŧœ 24ķ œŬźŎŌŪŹşŪŉŨŲşŉļŋūļűşźŎŘŢŗŲŊĶ ŲŚťœŬźŎŌŪŹşŪķŧŜŲşŉļŋūļ

ĶźŢŎŉũŎ 

3. ŕŧœŵŏŎŧŘŪŋŮĶŲŐŚļűŐŸŎŕŧœŌŪŹŖŪŲĹŹűşźŎųĹŘļ (skeleton) &ŕŧœ 24Ĺ) ųŉŗ 

Skeletonization  

 

ŕŧœ 22 ŢŭŐĶŘňŽşŨŠŘŦŏĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ 

ŌŪŹŖŧ: Tang et al. (2012) 
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ŕŧœ 23 ųŐŘŲĶŘŖ Particles and Cracks Analysis System (PCAS) 

 

   
(Ķ) (ķ) (Ĺ) 

ŕŧœ 24 ķŦźŎŊŢŎĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗŴŎųŐŘŲĶŘŖ PCAS (Ķ) ŕŧœŋŮĶŲŐŚļűŐŸŎşŪ

űŌŧ (ķ) ŕŧœŋŮĶŲŐŚļűŐŸŎŕŧœŵŏŎŧŘŪ (Ĺ) ŕŧœŋŮĶŲŐŚļűŐŸŎŕŧœűşźŎųĹŘļ 

ŌŪŹŖŧ: Tang et al. (2012) 

őŚŚŦœōŽĽŧĶųŐŘŲĶŘŖ PCAS ĽťŵŉźĹŹŧŴŎűĿũļşŋũŊũŐŘťĶŢŏŵŐŉźŜŗĽŨŎŜŎŘŢŗŲŊĶ 

ĹŜŧŖŗŧŜŘŢŗŲŊĶ ĹŜŧŖĶŜźŧļŘŢŗ ŲŚťœŬźŎŌŪŹŘŢŗŲŊĶ ųŉŗŎŨĹŹŧűŠŚŹŧŎŪźŖŧĹŨŎŜňŠŧĹŜŧŖŗŧŜ

ŘŢŗŲŊĶűľŚŪŹŗ ĹŜŧŖĶŜźŧļŘŢŗŲŊĶűľŚŪŹŗ œŬźŎŌŪŹŘŢŗŲŊĶűľŚŪŹŗ ĹŹŧĹŜŧŖűķźŖŘŢŗŲŊĶ (CIF) ŠŘŬŢ

ŢŦŊŘŧşŹŜŎœŬźŎőũŜŘŢŗŲŊĶ (Rsc) ŲŚť ŔŦļĶŽĿŦŹŎĹŜŧŖŠŎŧŲŎŹŎŌŪŹŎŹŧĽťűŐŸŎ (PDF) 
 

Abd El-Halim (2017) ŵŉźŝūĶŞŧŝŦĶŗŕŧœķŢļĿŧŎŢźŢŗűœŬŹŢŚŉŘŢŗŲŊĶķŢļŉũŎűŠŎŪŗŜ 

ųŉŗŴĿźűŌĹŎũĹĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗ ļŧŎŜũĽŦŗŎŪźŎŨŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŖŧőşŖĿŧŎŢźŢŗŌŪŹŋŮĶŐŦŹŎ

ŲŚźŜűŌŴŎŋŧŉœŚŧşŊũĶķŎŧŉ 100 x 100 mm ŖŪĹŜŧŖŠŎŧ 20 mm ĽŧĶŎŦźŎŜŧļŊŦŜŢŗŹŧļŴŎ

ŠźŢļŐńũŏŦŊũĶŧŘŌŪŹŖŪŢŭňŠŕŮŖũ 28±2°C űŐŸŎŘťŗťűŜŚŧ 25 ŜŦŎ űœŬŹŢŴŠźĶŘťŏŜŎĹŧŗŎźŨűşŘŸĽşŖŏŮŘňŽ 
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ŲŚźŜŎŨŊŦŜŢŗŹŧļŖŧŌŨĶŧŘŋŹŧŗŕŧœ ųŉŗŴĿźĶŚźŢļŉũĽũŊŢŚŌŪŹŋŮĶŊũŉŊŦźļŵŜź ŉŦļŕŧœ 25 űœŬŹŢŌŉşŢŏ

ĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ ųŉŗŴĿźųŐŘŲĶŘŖĶŧŘŐŘťŖŜŚőŚŕŧœĹŬŢ Image J 1.47 ŉŦļŕŧœ 26 

 

ŕŧœ 25 ĶŧŘŊũŉŊŦźļĶŚźŢļŋŹŧŗŕŧœŊŦŜŢŗŹŧļŉũŎ 

ŌŪŹŖŧ: Abd El-Halim (2017) 

ĶŧŘŐŘťŖŜŚőŚŕŧœŲŚťĶŧŘŲŗĶŚŦĶŞňťĶŧŘŲŊĶŘźŧŜűœŬŹŢŴŠźŵŉźŚŦĶŞňťŘŢŗŲŊĶ

ŠŚŦļĽŧĶĶŧŘŌŨŴŠźŲŠźļ ųŉŗĶŚźŢļŉũĽũŊŢŚŋŮĶŊũŉŊŦźļŏŎŊŦŜŢŗŹŧļĹļŌŪŹ ŀūŹļűŚŎşŽķŢļĶŚźŢļŉũĽũŊŢŚ

ŠŦŎŚļŴŎŲŎŜŊŦźļ ŲŚťşŮļĶŜŹŧŊŦŜŢŗŹŧļ 1 űŖŊŘ şŹŜŎĿŦźŎŜŧļŊŦŜŢŗŹŧļŖŪœŬźŎŌŪŹķŎŧŉ 100x100 mm 

ųŉŗűŚŎşŽĶŚźŢļŢŗŮŹŊŘļĶŚŧļķŢļŊŦŜŢŗŹŧļ ŊŦŜŢŗŹŧļŉũŎŌŪŹŖŪŘŢŗŲŊĶķŢļŲŊŹŚťŊŦŜŢŗŹŧļŌŪŹŵŉźŘŦŏ 

ĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœĽťŋŮĶŎŨŖŧŋŹŧŗŕŧœűœŬŹŢŴŠźŵŉźŕŧœŋŹŧŗŉũĽũŊŢŚŌŪŹĽťŎŨŵŐŲŗĶŲŗťŚŦĶŞňť

ŌŧļűŘķŧĹňũŊķŢļŘŮŐŲŏŏŘŢŗŲŊĶųŉŗűŌĹŎũĹĶŧŘŐŘťŖŜŚőŚŕŧœŉũĽũŊŢŚŋŮĶŎŨŖŧŴĿźŴŎ

ļŧŎŜũĽŦŗŎŪźŖŧĽŧĶĶŧŘŢōũŏŧŗųŉŗ Ren et al. (2015) ķŦźŎŊŢŎĶŧŘŜũűĹŘŧťŠŽŕŧœŋŹŧŗŴŎųŐŘŲĶŘŖ 

Image J 1.47 ŖŪŉŦļŎŪź 

1. ŕŧœŋŹŧŗşŪķŢļŲŊŹŚťŊŦŜŢŗŹŧļĽťŵŉźŘŦŏŐŘŦŏŕŧœűŐŸŎŘŮŐŌŘļűŘķŧĹňũŊųŉŗŴĿźŜũōŪ 

œŠŭŎŧŖ ŀūŹļŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿ?l_jwqgqĀ ĽŧĶŎŦźŎĹŨşŦŹļ ÿQcr Qa_jcĀ ŲŚźŜŌŨĶŧŘĹŘŢŏŊŦŉ

ŕŧœŋŹŧŗűŚŬŢĶŴĿźŕŧœŌŪŹűŐŸŎŘŮŐşŪŹűŠŚŪŹŗŖőŬŎőźŧ ŲŚźŜűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿImageĀ ŊŧŖŉźŜŗĹŨşŦŹļ 

ÿCropĀ &ŕŧœ 27(Ķ))  
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2. ŕŧœŋŹŧŗşŪķŢļķŢļŲŊŹŚťŊŦŜŢŗŹŧļŌŪŹŖŪŘŢŗŲŊĶĽťŋŮĶűŐŚŪŹŗŎűŐŸŎŕŧœŘťŉŦŏşŪűŌŧ ųŉŗ

ŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿImageĀ ĽŧĶŎŦźŎŴĿźĹŨşŦŹļ ÿTypeĀ ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ ÿ8-bitĀ &ŕŧœ 27(ķ))  

3. ŕŧœųŌŎşŪűŌŧĽťŎŨŵŐŴĿźŲŏŹļűĶňņŽűŐŸŎşŢļŘťŉŦŏşŪĹŬŢ şŪŉŨŲŚťşŪķŧŜ (black and 

white threshold) ųŉŗŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿImageĀ ĽŧĶŎŦźŎŴĿźĹŨşŦŹļ ÿAdjustĀ ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ 

ÿrfpcqfmjbĀ &ŕŧœ 27(Ĺ)) ĽŧĶŎŦźŎŴĿźĹŨşŦŹļ inversed ųŉŗŵŐŌŪŹűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿEditĀ ĽŧĶŎŦźŎŴĿź

ĹŨşŦŹļ ÿInvertĀ &ŕŧœ 27(ļ)) ŀūŹļŘŮŐŲŏŏĶŧŘŲŊĶŘźŧŜķŢļŲŊŹŚťŊŦŜŢŗŹŧļŋŮĶŲŏŹļŢŢĶűŐŸŎŖŜŚŘŜŖ 

&œŬźŎŌŪŹşŪŉŨ' ŲŚťœŬźŎŌŪŹŘŢŗŲŊĶ &œŬźŎŌŪŹşŪķŧŜ'  

4. ŌŨĶŧŘĶŨŠŎŉűĶňņŽŵŜźŌŪŹ 50 œũĶűŀŚ űœŬŹŢŚŉĽŭŉķŧŜűŚŸĶ ŷ ųŉŗŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ 

ÿProcessĀ ĽŧĶŎŦźŎŴĿźĹŨşŦŹļ ÿLmgqcĀ ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ ÿPckmtc MsrjgcpqĀ ĽťŚŉĽŭŉŌŪŹŋŮĶ

œũĽŧŘňŧŜŹŧűŐŸŎŎŢŗŉŽŴŎŕŧœŵŏŎŧŘŪŴŠźŚŉŚļ &ŕŧœ 27(Ľ))  

 

ŕŧœ 26 ųŐŘŲĶŘŖ ImageJ 1.47 
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5. ŜũōŪĶŧŘŘŜŖŘŢŗŲŊĶŋŮĶűşŎŢűœŬŹŢŀŹŢŖŲŀŖŘŢŗŲŊĶ ŀūŹļŋŮĶŎŨŵŐŴĿźĶŦŏŕŧœŵŏŎŧŘŪ

űœŬŹŢĶŨĽŦŉœŬźŎŌŪŹŘŢŗŲŊĶŲĹŏŀūŹļŖŪķŎŧŉŎźŢŗĶŜŹŧ 20 œũĶűŀŚŘťŠŜŹŧļŘŢŗŲŊĶ ųŉŗŴĿźűĹŘŬŹŢļŖŬŢ

ŠŚŦĶ ÿProcessĀ ĽŧĶŎŦźŎŴĿźĹŨşŦŹļ ÿNoiseĀ ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ ÿPckmtc  MsrjgcpqĀ &ŕŧœ 27(ľ)) 

ŠŚŦļĽŧĶŎŦźŎŴĿźĹŨşŦŹļ }thresholding" şŹŜŎŌŪŹŘŢŗŲŊĶŌŦźļŠŖŉĽťŲşŉļűŐŸŎœũĶűŀŚşŪķŧŜ ŲŚťŉũŎ

űŐŸŎœũĶűŀŚşŪŉŨ &ŕŧœ 27(ľ)) œŬźŎŌŪŹőũŜķŢļŘŢŗŲŊĶ &surface area, As) ŋŮĶŜŦŉųŉŗŴĿźűĹŘŬŹŢļŖŬŢ

ŠŚŦĶ ÿAnalysisĀ ĽŧĶŎŦźŎĹŨşŦŹļ ÿMeasureĀ ŊŹŢĽŧĶŎŦźŎ ŢŦŊŘŧşŹŜŎœŬźŎőũŜŘŢŗŲŊĶ &surface crack 

ratio, Rsc,%) ŀūŹļűŐŸŎŢŦŊŘŧşŹŜŎķŢļœŬźŎŌŪŹŘŢŗŲŊĶ &As) ŊŹŢœŬźŎŌŪŹőũŜŌŦźļŠŖŉ &total surface area , 

At) ķŢļŊŦŜŢŗŹŧļ űœŬŹŢŠŧŐŘũŖŧňűşźŎųĹŘļŘŢŗŲŊĶŌŪŹűŐŢŘŽűŀŸŎŊŽĿŧŎŢźŢŗŌŪŹűŐŚŪŹŗŎŲŐŚļ ŲŚť

ĹŨŎŜňųŉŗşŖĶŧŘŌŪŹ 1  

100%s
sc

t

A
R

A

å õ
= ³æ ö
ç ÷

 (1) 

 

6. ŠŚŦļĽŧĶŎŦźŎŢŦŚĶŢŘũŌūŖ Skeletonization ŋŮĶŎŨŖŧŴĿź ųŉŗŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ 

ÿProcessĀ ĽŧĶŎŦźŎĹŨşŦŹļ ÿBinaryĀ ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ ÿQicjcrmlgxcĀ ĽťœŏűŐŸŎűşźŎųĹŘļŖŪ

ĹŜŧŖĶŜźŧļŠŎūŹļœũĶűŀŚķŢļŘŢŗŲŊĶ ŲŚťŴĿźűĹŘŬŹŢļŖŬŢ ÿProcessĀ ŠŚŦĶĽŧĶŎŦźŎŴĿźĹŨşŦŹļ ÿ@gl_pwĀ 

ŊŧŖŉźŜŗĹŨşŦŹļŗŹŢŗ ÿBgj_rcĀ &ŕŧœ 27(Ŀ)'  

7. ĶŨŠŎŉűĶňņŽŢŪĶ 1. œũĶűŀŚ űœŬŹŢŚŏűşźŎűŚŸĶ ŷ ŌŪŹŖŪĹŜŧŖŗŧŜŎźŢŗĶŜŹŧ 1. œũĶűŀŚ 

ŀūŹļŋŬŢűŐŸŎŎŢŗŉŽŌŪŹşŘźŧļķūźŎŴŎŘťŠŜŹŧļ Skeletonization ųŉŗŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿProcessĀ ĽŧĶŎŦźŎ

ŴĿźĹŨşŦŹļ ÿNoiseĀ ĽťŊŧŖŖŧŉźŜŗĹŨşŦŹļŗŹŢŗ ÿRemove OutliersĀ &ŕŧœ 27(ŀ)'  

 

ĹŜŧŖŗŧŜŘŢŗŲŊĶ (crack length, CL) ŠŧĽŧĶĶŧŘŎŦŏœũĶűŀŚŊŧŖűşźŎųĹŘļķŢļŘŮŐŲŏŏ

ŘŢŗŲŊĶŌŪŹűŐŸŎŕŧœŵŏŎŧŘŪ &ŕŧœ 27(ŀ)' ŖŪķŦźŎŊŢŎŉŦļŎŪź 

/, űŚŬŢĶűşźŎŌŪŹűŐŸŎŚŜŉŚŧŗŲŊŹŚťŘŢŗŲŊĶ ųŉŗĶŧŘŠŚŪĶűŚŪŹŗļűşźŎŢŬŹŎ ŷ ŘťŠŜŹŧļĶŦŎ 

ųŉŗŴĿźĶŧŘűŚŬŢĶŉźŜŗŖŬŢűŐŚŹŧ  

2. ŌŨĶŧŘŜŦŉĹŜŧŖŗŧŜķŢļűşźŎŌŪŹűŚŬŢĶųŉŗŴĿźűĹŘŬŹŢļŖŬŢŠŚŦĶ ÿEditĀ ĽŧĶŎŦźŎĹŨşŦŹļ 

ÿQcjcargmlĀ ŲŚťĹŨşŦŹļŗŹŢŗ ÿ?pc_ rm JglcĀ ŊŧŖŉźŜŗĹŨşŦŹļ ÿMeasureĀ ĽŧĶŲŋŏűĹŘŬŹŢļŖŬŢŠŚŦĶ 

ÿAnalysisĀ  
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3. şŭŉŌźŧŗ ĹŜŧŖŗŧŜŌŦźļŠŖŉķŢļŘŢŗŲŊĶ ĹŬŢőŚŘŜŖķŢļĹŜŧŖŗŧŜķŢļűşźŎŘŢŗŲŊĶ

ŌŦźļŠŖŉŌŪŹŋŮĶűŚŬŢĶ ųŉŗĹŜŧŖĶŜźŧļķŢļŘŢŗŲŊĶ &crack width, CW) ŠŧŵŉźĽŧĶŢŦŊŘŧşŹŜŎķŢļ

œŬźŎőũŜœŬźŎŌŪŹŘŢŗŲŊĶ &As) ŲŚťĹŜŧŖŗŧŜŘŢŗŲŊĶ &CL) ŋŮĶĹŨŎŜňųŉŗŊŧŖşŖĶŧŘŌŪŹ 2  

( )
( )
( )

2

10
sA cm

CW mm
CL cm

è ø
é ù= ³
é ùê ú

 
(2) 

ŌŪŹŖŧ: Abd El-Halim (2017) 

Mukherjee and Mishra (2019) ŵŉźŝūĶŞŧőŚĶŘťŌŏķŢļĶŧŘŘŜŖűşźŎŴŗŲĶźŜĶŦŏ

œřŊũĶŘŘŖűĿũļĶŚķŢļŎźŨőşŖŌŘŧŗ-űŏŎųŌŵŎŌŽ (sand-bentonite, SB) ĶŧŘŠŧĶŧŘŲŊĶŘźŧŜŲŏŏ

őūŹļŲŠźļ (desiccation cracking) ķŢļşŹŜŎőşŖŌŘŧŗ-űŏŎųŌŵŎŌŽĶŦŏűşźŎŴŗŲĶźŜ űŘũŹŖĽŧĶŘŢŗŲŊĶ

ŏŎœŬźŎőũŜŲŚťĶŧŘŠŉŊŦŜķŢļŊŦŜŢŗŹŧļŌŪŹŋŮĶŋŹŧŗŉźŜŗĶŚźŢļŉũĽũŊŢŚĽŧĶĹŜŧŖşŮļĹļŌŪŹ 1. ŀŖ, ĽŧĶ

ŊŦŜŢŗŹŧļ ĽŧĶŎŦźŎŎŨŊŦŜŢŗŹŧļŵŐŜũűĹŘŧťŠŽŕŧœŋŹŧŗŴŎųŐŘŲĶŘŖ ImageJ /,3/j6 &Java /,6,.+//0, 

42 bit' ųŉŗ Wilhelm Burger and Mark J. Burge (0./4' ĶŚŹŧŜŜŹŧ ųŐŘŲĶŘŖ ImageJ űŐŸŎ

ųŐŘŲĶŘŖşŨŠŘŦŏĶŧŘŝūĶŞŧĹŭňşŖŏŦŊũĶŧŘŲŊĶŘźŧŜķŢļŜŦşŉŭűœŬŹŢĶŨŠŎŉŚŦĶŞňťĶŧŘŲŊĶŘźŧŜŏŎ

œŬźŎőũŜķŢļŘŢŗŲŊĶ ĽŧĶĶŧŘŌŉşŢŏœŏŜŹŧ ŊŦŜŢŗŹŧļŌŪŹŋŮĶŏŉŢŦŉŌŪŹŖŪŘŢŗŲŊĶŏŎœŬźŎőũŜķŢļ

ŊŦŜŢŗŹŧļĽťŋŮĶœũĽŧŘňŧĶŹŢŎ ŲŚźŜŎŨŵŐŜũűĹŘŧťŠŽŴŎųŐŘŲĶŘŖ ImageJ ŀūŹļŕŧœŋŹŧŗĽťŋŮĶŐŘŦŏ

ŕŧœ ŲŚťŲŏŹļŢŢĶűŐŸŎŊŧŘŧļĶŘũŉ ŀūŹļ 1 ĶŘũŉűŚŸĶ ŷ űŌŹŧĶŦŏ 1 œũĶűŀŚ (pixel) ĽŧĶŎŦźŎŕŧœŋŹŧŗĽť

ŋŮĶŲŐŚļűŐŸŎŕŧœŵŏŎŧŘŪ ĽŎœŏŘŢŗŲŊĶķŢļŊŦŜŢŗŹŧļ ųŉŗĶŧŘĹŨŎŜňœŬźŎŌŪŹŊŦŜŢŗŹŧļűŘũŹŖŊźŎ 

&initial specimen area, Ia) œŬźŎŌŪŹŊŦŜŢŗŹŧļŌŪŹŚŉŚļ &reduced specimen area, Rs) œŬźŎŌŪŹŘŢŗŲŊĶ 

 

ŕŧœ 27 őŚŚŦœōŽĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗķŢļŘŮŐŲŏŏŘŢŗŲŊĶ 
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&cracked area, Ac) œŬźŎŌŪŹĶŧŘŠŉŊŦŜ &shrinkage area, Sa) ŲŚťœŬźŎŌŪŹŘŢŗŲŊĶŘŜŖ &Cca = Ac + 

Sa) ŋŮĶĹŨŎŜňűœŬŹŢŴŠźŵŉźŐŦĽĽŦŗĹŜŧŖűķźŖŘŢŗŲŊĶ &cracked intensity factor, CIF) ŲŚťŐŦĽĽŦŗ

ĹŜŧŖŠŎŧŲŎŹŎŘŢŗŲŊĶ &cracked density factor, CDF) şŨŠŘŦŏĶŧŘŜũűĹŘŧťŠŽĶŧŘŲŊĶŘźŧŜŲŏŏ

őūŹļŲŠźļŌŪŹűŐŚŪŹŗŎŲŐŚļŴŎŊŦŜŢŗŹŧļ ųŉŗĹŹŧ CIF ŲŚť CDF şŧŖŧŘŋĹŨŎŜňŵŉźĽŧĶşŖĶŧŘŌŪŹ 3 ŲŚť 

4 ŊŧŖŚŨŉŦŏ  
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ĹŜŧŖĹļŌŎ 

şŦłŅũŊũ űĽŘũłŝũŚŐŽ ŲŚťĹňť (2561) ŵŉźŌŨĶŧŘŝūĶŞŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜŲŚť

ŌŉşŢŏĹŜŧŖĹļŌŎŉźŜŗŜũōŪűŐŪŗĶŲŚťŲŠźļ &wetting and drying) ķŢļŉũŎŊťĶŢŎķŭŉŌŪŹŐŘŦŏŐŘŭļ

ĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ųŉŗĶŧŘŏŉŢŦŉŲŏŏşŮļĶŜŹŧŖŧŊŘŅŧŎ ŉźŜŗŢŦŊŘŧşŹŜŎőşŖ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ŴŎķŦźŎŊŢŎķŢļĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŉźŜŗŜũōŪűŐŪŗĶŲŚťŲŠźļ ŵŉźŌŨ 

ĶŧŘŌŉşŢŏŊŧŖŖŧŊŘŅŧŎ ASTM D337 ųŉŗĶŧŘŎŨŊŦŜŢŗŹŧļŉũŎŌŪŹĹŘŏŢŧŗŭĶŧŘŏŹŖŊŦŜ 7 28 ŲŚť 

60 ŜŦŎ ŵŐŲĿŹŎźŨ 5 ĿŦŹŜųŖļ űœŬŹŢĽŨŚŢļşŕŧŜťűŐŪŗĶ ŉŦļŕŧœ 28 ŊŹŢŖŧŎŨŊŦŜŢŗŹŧļŵŐŢŏŌŪŹ

ŢŭňŠŕŮŖũ 71 ŢļŝŧűŀŚűŀŪŗş 42 ĿŦŹŜųŖļ űœŬŹŢĽŨŚŢļşŕŧŜťŲŠźļ ĽŧĶŌŪŹĶŚŹŧŜŖŧŎŪźĹŬŢ 1 ŘŢŏĶŧŘ

ŌŉşŢŏűŐŪŗĶşŚŦŏŲŠźļ ŀūŹļŌŨĶŧŘŌŉşŢŏŌŦźļŠŖŉ 6 ŘŢŏ ŲŚźŜŎŨŊŦŜŢŗŹŧļűľœŧťŘŢŏŌŪŹ 1 3 ŲŚť 

6 ŖŧŌŉşŢŏĶŧŘşŮłűşŪŗĶŨŚŦļŢŦŉŉźŜŗĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ  

 

ļŧŎŜũĽŦŗŌŪŹűĶŪŹŗŜķźŢļ 

1. ļŧŎŜũĽŦŗŌŪŹűĶŪŹŗŜķźŢļĶŦŏŉźŧŎĶŨŚŦļķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ 

şŧōũŊ ŉŪűŉĿŧ &2548) ŵŉźŝūĶŞŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ ŲŚťĹŜŧŖşŧŖŧŘŋŴŎĶŧŘŢŦŉ

ŊŦŜĹŧŗŎźŨķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœőşŖŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŌŪŹŐŘũŖŧňĹŜŧŖĿŬźŎşŮļ ĽŧĶőŚ 

ĶŧŘŌŉşŢŏœŏŜŹŧĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜűœũŹŖķūźŎŊŧŖŐŘũŖŧňŐŮŎŀŪűŖŎŊŽ ŐŘũŖŧňűŋźŧŚŢŗ 

(fly ash) ŲŚťŢŧŗŭĶŧŘŏŹŖŊŦŜ ŲŊŹĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜĽťŚŉŚļĶŦŏŐŘũŖŧňŎźŨŴŎŖŜŚŉũŎ  
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ŕŧœ 28 ŲĿŹŊŦŜŢŗŹŧļŴŎŎźŨ 5 ĿŦŹŜųŖļ űœŬŹŢĽŨŚŢļşŕŧŜťűŐŪŗĶ  

ŌŪŹŖŧ: œŪŘœļŞŽ şũŖŧŘŦŊŎŽ ŲŚťĹňť (2561) 

ŉŦļŕŧœ 29 ŎŢĶĽŧĶŎŪźűŖŬŹŢűœũŹŖŐŘũŖŧňűŋźŧŚŢŗŌŨŴŠźŢŦŊŧŘŧşŹŜŎĿŹŢļŜŹŧļ (void ratio, e) ŚŉŚļ 

ŢŗŹŧļŖŧĶ ŲŚťĹŹŧŠŎŹŜŗŲŘļŲŎŜŲĶŎ (axial stress) űœũŹŖķūźŎűŖŬŹŢűŌŪŗŏĶŦŏŉũŎűŠŎŪŗŜĶŘŭļűŌœŌŪŹ

őşŖŐŮŎŀŪűŖŎŊŽŢŗŹŧļűŉŪŗŜ ŲŚťűŖŬŹŢŐŘũŖŧňŎźŨŴŎŖŜŚŉũŎŖŧĶŌŨŴŠźŢŦŊŘŧşŹŜŎĿŹŢļŜŹŧļűœũŹŖķūźŎ 

ŲŚťĹŹŧŠŎŹŜŗŲŘļŌŪŹĽŭŉĹŘŧĶŖŪĹŹŧŚŉŚļ ŉŦļŕŧœ 30 

 

ĿŗŧŎŎŌŽ ŝŘŪűĽŘũł ŲŚťĹňť (2557) ŵŉźŌŨĶŧŘŝūĶŞŧĶŧŘœŦŇŎŧĶŨŚŦļŘŦŏŲŘļķŢļ

űşŧűķŸŖŉũŎŀŪűŖŎŊŽőşŖűŋźŧŚŢŗŴŎĿŦźŎŉũŎűŠŎŪŗŜĶŘŭļűŌœ ŏŘũűŜňœŬźŎŌŪŹűķŊŠŎŢļĽŢĶ őŚ 

ĶŧŘŌŉşŢŏœŏŜŹŧ ĹŹŧĶŨŚŦļŢŦŉŲĶŎűŉŪŹŗŜŴŎşŎŧŖ (qu,field) ķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽ ŴŎŢŦŊŘŧşŹŜŎ

ŐŮŎŀŪűŖŎŊŽŊŹŢűŋźŧŚŢŗ (C/FA) űŌŹŧĶŦŏ 63//3 ŢŦŊŘŧşŹŜŎŎźŨŴŎŖŜŚŉũŎŊŹŢŜŦşŉŭőşŖ (wc/B) űŌŹŧĶŦŏ 

/ ŲŚť 2 ŖŪĹŹŧŴĶŚźűĹŪŗļĶŦŏĹŹŧ qu,field ķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽŌŪŹŵŖŹŖŪűŋźŧŚŢŗ C/FA űŌŹŧĶŦŏ 100/0 ŀūŹļ

ŖŪ wc/B űŌŹŧĶŦŏ / ŲŚť 2 ŀūŹļĶŧŘŴĿźűŋźŧŚŢŗŲŌŎŌŪŹŐŮŎŀŪűŖŎŊŽŌŪŹŘźŢŗŚť /3 şŧŖŧŘŋŚŉĹŹŧŴĿźĽŹŧŗ

ŐŮŎŀŪűŖŎŊŽŵŉźŋūļŘźŢŗŚť /0,53 ŎŢĶĽŧĶŎŪźŵŉźŌŨŎŧŗĶŨŚŦļķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœőşŖŀŪűŖŎŊŽŲŚť

űŋźŧŚŢŗ ŉŦļşŖĶŧŘŌŪŹ 5 

28

0.354ln 0.232Dq
D

q
= -  (5) 
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űŖŬŹŢ qD ĹŬŢĶŨŚŦļŢŦŉŲĶŎűŉŪŗŜŌŪŹŢŧŗŭŏŹŖ D ŜŦŎ q08 ĹŬŢĶŨŚŦļŢŦŉŲĶŎűŉŪŗŜŌŪŹŢŧŗŭŏŹŖ 08 

ŜŦŎ ŲŚť D ĹŬŢŢŧŗŭĶŧŘŏŹŖ ŌŪŹŖŪĹŹŧŴĶŚźűĹŪŗļĶŦŎĶŦŏşŖĶŧŘĹŜŧŖşŦŖœŦŎōŽŌŪŹŎŨűşŎŢųŉŗ 

Horpibulsuk et al. (2009) ŲŚť Horpibulsuk et al. (2003) ŉŦļŕŧœ 31 

 

  

(Ķ) ŐŘũŖŧňŎźŨ 130 űŐŢŘŽűŀŸŎŊŽ (ķ) ŐŘũŖŧňŎźŨ 130 űŐŢŘŽűŀŸŎŊŽ 

 

(Ĺ) ŐŘũŖŧňŎźŨ 200 űŐŢŘŽűŀŸŎŊŽ 

ŕŧœ 29 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ qu Aw ŲŚťűŋźŧŚŢŗŌŪŹŢŧŗŭĶŧŘŏŹŖŊŦŜ 28 ŜŦŎ 

ŌŪŹŖŧ: şŧōũŊ ŉŪűŉĿŧ &2548) 

 

Srichan (2001) ŵŉźŝūĶŞŧĹŭňşŖŏŦŊũŉźŧŎĶŨŚŦļķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŌŪŹŐŘŦŏŐŘŭļ

ĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ųŉŗŌŨĶŧŘŌŉşŢŏŲŏŏşŋũŊŲŚťŲŏŏŲŘļĶŘťŌŨŀźŨ űœŬŹŢ

űŐŘŪŗŏűŌŪŗŏœřŊũĶŘŘŖŉźŧŎĶŨŚŦļ ĽŧĶőŚĶŧŘŌŉşŢŏœŏŜŹŧ ŐŘũŖŧňűŋźŧŚŢŗűœũŹŖķūźŎŌŨŴŠź 

ĹŹŧŉŦĿŎŪœŚŧşŊũĶ (PI) ķŢļŉũŎűŠŎŪŗŜŚŉŚļ űœŘŧťĹŭňŚŦĶŞňťĶŧŘŲķŸļŊŦŜķŢļűŋźŧŚŢŗ ŉŦļŕŧœ 

32 
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ŕŧœ 30 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ void ratio (e) ĶŦŏ axial stress 

ŌŪŹŖŧ: şŧōũŊ ŉŪűŉĿŧ &2548) 

 

ŕŧœ 31 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ qD/q28 ĶŦŏŢŧŗŭĶŧŘŏŹŖŊŦŜķŢļűşŧűķŸŖŉũŎŀŪűŖŎŊŽőşŖűŋźŧŚŢŗ 

űŌŪŗŏĶŦŏşŖĶŧŘķŢļ Horpibulsuk et al. (2009) ŲŚť (2003) 

ŌŪŹŖŧ: ĿŗŧŎŎŌŽ ŝŘŪűĽŘũł (2557) 

 

ŎŢĶĽŧĶŎŪźőŚĶŧŘŌŉşŢŏĶŧŘŴŠźŲŘļĶŘťŌŨŀźŨœŏŜŹŧ ĹŜŧŖűĹŘŪŗŉŲŎŜŲĶŎ (axial 

strain) űœũŹŖķūźŎűŖŬŹŢűœũŹŖķŎŧŉķŢļŲŘļĶŘťŌŨŀźŨ ŲŚťĽŨŎŜŎŘŢŏŌŪŹĶŘťŌŨŀźŨ (number of cycle, 

N) ŉŦļŕŧœ 33 ŘŜŖŵŐŋūļĶŧŘűœũŹŖĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ ŲŚťĹŹŧųŖŉŮŚŦşŗŬŉŠŗŭŹŎ şŹŜŎ 

ĹŹŧĶŧŘŗŭŏŊŦŜŚŉŚļ 



 

 

  49 

ŎŢĶĽŧĶŎŦźŎŴŎļŧŎŜũĽŦŗŎŪźŗŦļŖŪĶŧŘŎŨűŋźŧŚŢŗŖŧŴĿźŴŎĶŧŘŐŘŦŏŐŘŭļĹŭňŕŧœŉũŎŀŪűŖŎŊŽ

ųŉŗ Horphibulsuk et al. (2011) ŵŉźŌŨĶŧŘŌŉşŢŏŉũŎŌŪŹőşŖŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ ŲŚť 

ŌŉşŢŏĹŹŧĶŨŚŦļ ĹŹŧĶŨŚŦļķŢļŊŦŜŢŗŹŧļŢŧŗŭ 28 ŜŦŎ ŌŪŹŵŉźŲşŉļŉŦļŕŧœ 34 ŠŚŦļĽŧĶŎŦźŎ 

Horphibulsuk et al. ŵŉźŌŨĶŧŘşŘźŧļşŖĶŧŘŕŧŗŴŊźĹŜŧŖşŦŖœŦŎōŽķŢļĶŨŚŦļŘŹŜŖĶŦŎŌŦŹŜŵŐ 

&generalized interrelationship strength) ŘťŗťűŜŚŧĶŧŘŏŹŖ ŲŚťŢŦŊŘŧşŹŜŎŎźŨŴŎŖŜŚŉũŎŊŹŢ

ŀŪűŖŎŊŽ (clay to water cement ratio, wc/C) şŨŠŘŦŏŌŨŎŧŗĶŨŚŦļķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤőşŖ

ŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ŴŎŠźŢļŐńũŏŦŊũĶŧŘŵŜźŢŪĶŉźŜŗ (Horpibulsuk et al., 2011) ŲşŉļŉŦļŊŹŢŵŐŎŪź 

 

 
ŕŧœ 32 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļŉŦĿŎŪœŚŧşŊũĶĶŦŏűŋźŧŚŢŗ (Fly ash) 

ŌŪŹŖŧ: Srichan (0../' 

 
ŕŧœ 33 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŜŧŖűĹŘŪŗŉŲŎŜŲĶŎ (axial strain) ĶŦŏ N ŌŪŹŢŧŗŭĶŧŘ

ŏŹŖŊŦŜ 7 ŜŦŎ 

ŌŪŹŖŧ: Srichan (2001) 
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ln283.0039.0

27.1

28

28

+ù
ú

ø
é
ê

è
=  

(6) 

űŖŬŹŢ 

iC C (1 0.75a)= +  (7) 

 

ųŉŗŌŪŹ ( )tCwc
q  ĹŬŢ ĶŨŚŦļŘŦŏŲŘļŢŦŉķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤőşŖŀŪűŖŎŊŽŌŪŹŐŘťŖŧňĽŧĶ 

wc/C ň ĶŧŘŏŹŖŜŦŎŌŪŹ t ( )
28

Cwc
q  ĹŬŢ ĶŨŚŦļŘŦŏŲŘļŢŦŉķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤőşŖŀŪűŖŎŊŽŌŪŹ

ŐŘťŖŧňĽŧĶ wc/C ň ĶŧŘŏŹŖ 28 ŜŦŎ Ci ĹŬŢ űŐŢŘŽűŀŸŎŊŽŀŪűŖŎŊŽ a ĹŬŢűŐŢŘŽűŀŸŎŊŽűŋźŧŚŢŗ ĽŧĶ

ĶŧŘŌŉşŢŏŗŦļœŏŢŪĶŜŹŧŌŪŹŐŘũŖŧňűŋźŧŚŢŗ 25 űŐŢŘŽűŀŸŎŊŽĽťŖŪĹŜŧŖűŠŖŧťşŖŴŎŌŧļ

űŝŘŞŅŝŧşŊŘŽŖŧĶŌŪŹşŭŉŢŗŹŧļŵŘĶŸŊŧŖŋźŧĽťŎŨşŖĶŧŘŌŦźļŠŖŉķźŧļŊźŎŎŪźŖŧŴĿźŌŨŎŧŗœřŊũĶŘŘŖ

ŠŘŬŢŴĿźŴŎĶŧŘŢŢĶŲŏŏŉźŧŎĶŨŚŦļķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœŤőşŖŀŪűŖŎŊŽşŨŠŘŦŏļŧŎĶŹŢşŘźŧļ

ųĹŘļşŘźŧļŌŧļŎŦźŎŢŧĽŵŖŹűœŪŗļœŢ ŌŦźļŎŪźűœŘŧťŉũŎŌŪŹŐŘŦŏŐŘŭļŉźŜŗŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŗŦļŖŪ

ĹŭňşŖŏŦŊũŌŪŹşŨĹŦłŢŪĶŉźŧŎŠŎūŹļŌŪŹŊźŢļĹŨŎūļŋūļ ŎŦŹŎĶŸĹŬŢĶŧŘŠŉŊŦŜ 

 
ŕŧœ 34 ĹŹŧĶŨŚŦļķŢļŊŦŜŢŗŹŧļŢŧŗŭ 06 ŜŦŎ 

ŌŪŹŖŧ: Horpibulsuk et al. (2011) 

 

Jongpradist (2011) ŵŉźŝūĶŞŧĶŧŘŴĿźűŋźŧŚŢŗŌŪŹűŠŚŬŢŴĿźűœŬŹŢűœũŹŖŠŘŬŢŲŌŎŌŪŹŐŘũŖŧň

ŐŮŎŀŪűŖŎŊŽŐŢŘŽŊŲŚŎŉŽŐŘťűŕŌŌŪŹ / ŴŎĶŧŘŐŘŦŏŐŘŭļŉũŎűŠŎŪŗŜĶŘŭļűŌœųŉŗŴĿźűŌĹŎũĹķŢļűşŧűķŸŖ

ŉũŎŀŪűŖŎŊŽ ĽŧĶőŚĶŧŘŌŉşŢŏœŏŜŹŧ ĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (qu) űœũŹŖķūźŎűŖŬŹŢŐŘũŖŧňűŋźŧŚŢŗ 

(Fw) űœũŹŖķūźŎ şŹŜŎŐŮŎŀŪűŖŎŊŽŖŪŖŧĶĶŜŹŧŠŘŬŢűŌŹŧĶŦŏ /.# ŉŦļŲşŉļŴŎŕŧœ 35 
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Chompoorat and Likitlersuang (0./4' ŵŉźŝūĶŞŧœřŊũĶŘŘŖĶŧŘŠŉŊŦŜ ŲŚťĶŨŚŦļ 

ŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜķŢļŐŮŎŀŪűŖŎŊŽ ŲŚť/ŠŘŬŢűŋźŧŚŢŗ 2 ŲŠŚŹļĹŬŢ űŋźŧŚŢŗĽŧĶųŘļŵŔŔźŧŲŖŹűŖŧť 

(fly ash #1) ĶŦŏűŋźŧŚŢŗĽŧĶųŘļļŧŎŢŭŊşŧŠĶŘŘŖőŚũŊĶŘťŉŧŞ SCG (fly ash #2) űœŬŹŢŐŘŦŏŐŘŭļ

ĹŭňŕŧœķŢļŉũŎűŠŎŪŗŜĶŘŭļűŌœ őŚĶŧŘŌŉşŢŏœŏŜŹŧ ŢŦŊŘŧşŹŜŎŌŪŹűŠŖŧťşŖķŢļŉũŎŀŪűŖŎŊŽőşŖ

űŋźŧŚŢŗŢŗŮŹŌŪŹ 15% ĽŧĶųŘļŲŖŹűŖŧťşŧŖŧŘŋŚŉĶŧŘŠŉŊŦŜŵŉźŖŧĶŌŪŹşŭŉŴŎĿŹŜļ 28 ŜŦŎ ŉŦļŕŧœ 36 

 

  
(Ķ) (ķ) 

ŕŧœ 35 ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ qu ĶŦŏ Fw ŌŪŹŢŧŗŭĶŧŘŏŹŖ 28 ŜŦŎ (Ķ) ŐŘũŖŧňŎźŨ 130% (ķ) 

ŐŘũŖŧňŎźŨ 200% 

ŌŪŹŖŧ: Jongpradist (2011) 

 

ŎŢĶĽŧĶŎŪźĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (UCS) ŲŚťųŖŉŮŚŦşķŢļŗŦļŌŪŹ 50% ķŢļĶŨŚŦļŘŦŏŲŘļŢŦŉ

şŮļşŭŉ (E50) ĹŹŢŗ ŷ ŚŉŚļŊŧŖĶŧŘűœũŹŖŐŘũŖŧňķŢļűŋźŧŚŢŗ űŖŬŹŢűŐŘŪŗŏűŌŪŗŏĹŹŧ UCS ŲŚť E50 

ķŢļ  Fly ash #1 ĶŦŏ Fly ash #2 œŏŜŹŧ Fly ash #1 ŴŠźĹŹŧ UCS ŲŚť E50 ŌŪŹşŮļĶŜŹŧ Fly ash #2 

űŚŸĶŎźŢŗ ŉŦļŕŧœ 37 

 

2. ļŧŎŜũĽŦŗŌŪŹűĶŪŹŗŜķźŢļĶŦŏĶŧŘŠŉŊŦŜŉũŎűŠŎŪŗŜ 

Tang et al. (2008) ŵŉźŝūĶŞŧŐŦĽĽŦŗŌŪŹŖŪŢũŌōũœŚŊŹŢųĹŘļşŘźŧļŌŧļűŘķŧĹňũŊķŢļ 

ŘŢŗŲŊĶŠŉŊŦŜŴŎŉũŎűŠŎŪŗŜ ųŉŗŌŉşŢŏĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ ŲŚźŜŴĿźųŐŘŲĶŘŖ PCAS ŌŪŹ

ŋŮĶœŦŇŎŧķūźŎŴŎļŧŎŜũĽŦŗŎŪźűœŬŹŢŜũűĹŘŧťŠŽŘŢŗŲŊĶĽŧĶĶŧŘŠŉŊŦŜųŉŗűľœŧť ŕŧŗŴŊźşŕŧŜťűŐŪŗĶ

şŚŦŏŲŠźļ ŀūŹļőŚĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŌŪŹőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŉźŜŗĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜ

ųŉŗŜũōŪŕŧœŋŹŧŗœŏŜŹŧ ĶŧŘűœũŹŖĹŜŧŖŠŎŧķŢļĿŦźŎŉũŎŢŧĽşŹļőŚŴŠźűĶũŉĶŧŘűŐŚŪŹŗŎŲŐŚļķŢļ
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şŕŧŜťĹŜŧŖűĹźŎŘťŠŜŹŧļĶŧŘőūŹļŴŠźŲŠźļşŹļőŚŊŹŢĶŧŘűŐŚŪŹŗŎŲŐŚļŎźŨŲŚťĶŧŘĶŘťĽŧŗœŚŦļļŧŎ

ĹŜŧŖŘźŢŎ ŉźŜŗĶŧŘűœũŹŖķūźŎŴŎĹŜŧŖŠŎŧķŢļĿŦźŎŉũŎ ĹŜŧŖŗŧŜŘŢŗŲŊĶűľŚŪŹŗ ĹŜŧŖĶŜźŧļ œŬźŎŌŪŹŖŜŚŘŜŖ 

 

 
(Ķ) C/wc = 0.3 

 
(ķ) C/wc = 0.4 

ŕŧœ 36 őŚĶŘťŌŏķŢļűŋźŧŚŢŗŊŹŢĶŧŘŠŉŊŦŜŴŎĶŧŘŏŹŖ 28  ŜŦŎ 

ŌŪŹŖŧ: Chompoorat and Likitlersuang (2016) 

ŲŚť ĹŹŧĹŜŧŖűķźŖŘŢŗŲŊĶ (CIF) űŖŬŹŢŉũŎŋŮĶŌŨŴŠźűŐŪŗĶŲŚťĶŧŘŢŏŲŠźļŠŚŧŗŘŢŏ œŬźŎőũŜķŢļŉũŎ

ĽťŲŊĶŖŧĶķūźŎ ŘŢŗŲŊĶĶŚŧŗűŐŸŎķŘŭķŘťŖŧĶķūźŎŲŚťŠŗŧŏ şŹŜŎķŢļŘŢŗŲŊĶşŦźŎŖŪĹŜŧŖĶŜźŧļ

ŲĹŏŢŗŹŧļŖŪŎŦŗşŨĹŦł ŴŎķňťŌŪŹĹŹŧĹŜŧŖűķźŖŘŢŗŲŊĶ (CIF) ŚŉŚļŉźŜŗĶŧŘűœũŹŖķūźŎķŢļŘŢŏűŐŪŗĶ

şŚŦŏŲŠźļ ųŉŗĶŧŘŜũűĹŘŧťŠŽőŚŚŦœōŽŌŪŹŲşŉļŴŎŊŧŘŧļ 8 
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(Ķ) ĹŹŧ UCS ķŢļ Fly ash #1 (ķ) ĹŹŧ E50 ķŢļ Fly ash #1 

  
(Ĺ) ĹŹŧ UCS ķŢļ Fly ash #2 (ļ) ĹŹŧ E50 ķŢļ Fly ash #2 

ŕŧœ 37 ĹŹŧ UCS ŲŚť E50 ķŢļ Fly ash #1 ŲŚť Fly ash #2 

ŌŪŹŖŧ: Chompoorat and Likitlersuang (2016) 

ŘŮŐŲŏŏœŬźŎőũŜŘŢŗŲŊĶŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŲŊŹŚťŘŢŏ ŉŦļŲşŉļŴŎŕŧœ 38 

œŏŜŹŧ ŘŢŗŲŊĶŌŪŹŊŨŲŠŎŹļűŉŪŗŜĶŦŎŴŎĿŹŜļűŜŚŧĶŧŘŢŏŲŠźļŘŢŏŲŘĶ ŘŢŏşŢļ ŲŚťŘŢŏşŧŖ şŹŜŎ

ŴŠłŹűŐŸŎűœŘŧťœŦŎōťķŢļŢŎŭŕŧĹŉũŎŋŮĶŌŨŚŧŗŴŎĿŹŜļŘŢŏĶŧŘŢŏŲŠźļŘŢŏŲŘĶ űŖŬŹŢĶŧŘŌŨŴŠź

űŐŪŗĶ œŦŎōťŌŪŹŲŊĶŠŦĶŢŧĽŉūļŉŮŉŎźŨ ŲŚťĶŚŧŗűŐŸŎųŀŎŢŹŢŎŲŢœũűŝŞķŢļŉũŎ ĶŧŘŢŏŲŠźļŌŪŹ

ŊŧŖŖŧĽťŌŨŴŠźűĶũŉĶŧŘŠŉŊŦŜŢŪĶĹŘŦźļ  

ĶŧŘŲŊĶŘźŧŜĽťűĶũŉķūźŎŴŎŏŘũűŜňŌŪŹŢŹŢŎŲŢŌŪŹşŭŉķŢļųĹŘļşŘźŧļŉũŎűŖŬŹŢűĿŬŹŢŖųŗļĶŦŏŘŢŗ

ŲŊĶĶŹŢŎŠŎźŧ şŧŖŧŘŋşŦļűĶŊŵŉźĽŧĶŕŧœ 38(Ķ) ŘŢŗŲŊĶĶŚŧŗűŐŸŎķŘŭķŘťŖŧĶķūźŎŲŚťŠŗŧŏ 

ŠŚŦļĽŧĶőŹŧŎŘŢŏŌŪŹşŢļŲŚťşŧŖķŢļŘŢŏűŐŪŗĶşŚŦŏŲŠźļ ŘŮŐŲŏŏŘŢŗŲŊĶŴŎŕŧœ 38(ķ) ĹŚźŧŗ

ĶŦŏŌŪŹŢŗŮŹŴŎŕŧœ 38(Ĺ) ŎŪźŢŧĽĽťűĶũŉĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŠŚŧŗŘŢŏŖŪőŚŴŎĶŧŘŚŉķŢŏűķŊ

ķŢļĹŜŧŖűŐŸŎűŎŬźŢűŉŪŗŜĶŦŎķŢļŊŦŜŢŗŹŧļ 
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ŊŧŘŧļ 6 ĹŹŧűľŚŪŹŗķŢļœŧŘŧŖũűŊŢŘŽŘŢŗŲŊĶŲŚťşŹŜŎűŏŪŹŗļűŏŎŖŧŊŘŧŅŧŎķŢļŊŦŜŢŗŹŧļŉũŎ

ŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŌŪŹŘŢŏŊŹŧļ ŷ (Tang et al., 2008) 

 

ŚŨ 

ŉŦŏŌŪŹ 

ŘŢŏ

űŐŪŗĶ

şŚŦŏ

ŲŠźļ 

ĽŨŎŜŎ

ĽŭŉŊŦŉ 

(In) 

SD 

ķŢļ 

In 

ĽŨŎŜŎ

ķŢļ

ĶŧŘ

ŲŏŹļ

ŘŢŗ

ŲŊĶ 

(Sn) 

SD 

ķŢļ 

Sn 

ĹŜŧŖ

ŗŧŜ

ķŢļ

ŘŢŗ

ŲŊĶ

űľŚŪŹŗ 

(lav) 

SD 

ķŢļ 

lav 

ĹŜŧŖ

ĶŜźŧļ

ķŢļ

ŘŢŗ

ŲŊĶ

űľŚŪŹŗ 

(wav) 

SD 

ķŢļ 

wav 

œŬźŎŌŪŹ

ķŢļ

ŘŢŗ

ŲŊĶ

űľŚŪŹŗ 

(aav) 

 

SD ķŢļ 

aav 

CIF 

(%) 

SD 

ķŢļ 

CIF 

 

6 1 90 11.58 152 15.51 91.53 1.20 8.70 0.47 14920 528.77 11.92 0.18 

6 2 120 10.28 209 4.73 84.51 1.86 6.41 0.59 13050 244.80 11.15 0.17 

6 3 145 3.74 259 3.87 73.60 1.56 5.09 0.17 12787 187.48 9.55 0.13 

***SD ĹŬŢ şŹŜŎűŏŪŹŗļűŏļŖŧŊŘŅŧŎ standard deviation 

 

 

ŕŧœ 16 ŘŮŐŲŏŏœŬźŎőũŜŘŢŗŲŊĶĽŧĶĶŧŘŠŉŊŦŜŌŦŹŜŵŐŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŲŊŹŚť

ŘŢŏ (Ķ) ŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŘŢŏŲŘĶ (ķ) ŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŘŢŏŌŪŹ 

2 ŲŚť (Ĺ) ŠŚŦļĽŧĶŘŢŏűŐŪŗĶşŚŦŏŲŠźļŘŢŏŌŪŹ 3 

ŌŪŹŖŧ: Tang et al. (2008) 

Tang et al. (2008) ŵŉźŌŨĶŧŘŝūĶŞŧŚŦĶŞňťĶŧŘŲŊĶŘźŧŜŲŏŏőūŹļŲŠźļķŢļŉũŎűŠŎŪŗŜ

őşŖűşźŎŴŗųœŚŪųœŘœũŚŪŎ (polypropylene fiber) ŀūŹļĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŴĿźűŌĹŎũĹ 

ĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗ őŚĶŧŘŌŉşŢŏœŏŜŹŧ ŘŮŐŲŏŏŘŢŗŲŊĶşŭŉŌźŧŗķŢļŊŦŜŢŗŹŧļŌŪŹŵŖŹŖŪ 

űşźŎŴŗĽťŖŪŘŢŗŲŊĶŢŢĶŠŚŧŗ ŷ şŹŜŎ ųŉŗşŹŜŎŘŢŗŲŊĶŌŪŹűĶũŉķūźŎĹŹŢŎķźŧļŊŘļ űŘŪŗŏ űŐŸŎ 

űşźŎŗŧŜŊŹŢűŎŬŹŢļĶŦŎ ŘŮŐŘŹŧļķŢļşŹŜŎŘŢŗŲŊĶĹŹŢŎķźŧļűŐŸŎşŹŜŎ ŷ ŲŚťşŹŜŎŴŠłŹĽťűŐŸŎĶźŢŎ
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şŪŹűŠŚŪŹŗŖĽŦŊŭŘŦş şŹŜŎŘŢŗŲŊĶųŉŗŌŦŹŜŵŐĽťŊŦźļľŧĶŀūŹļĶŦŎŲŚťĶŦŎ ŘŮŐŲŏŏűŐŸŎŘŮŐŊŦŜ ÿRĀ ŲŚť ÿ)Ā 

ŘŮŐŘŹŧļŌŪŹŊŦŉķŜŧļ űşźŎųĹŘļŘŢŗŲŊĶœŏŜŹŧŖŪűĿŬŹŢŖŊŹŢŘŢŗŲŊĶŌŪŹŉŪŖŧĶŲŚťşŧŖŧŘŋşŦļűĶŊűŠŸŎ

ŘŢŗŲŊĶŌŪŹŐŚŧŗŐũŉűœŪŗļűŚŸĶŎźŢŗűŌŹŧŎŦźŎ ŉŦļŕŧœ 39 

 

 

ŕŧœ 39 ŘŮŐŲŏŏŘŢŗŲŊĶşŭŉŌźŧŗŌŦŹŜŵŐķŢļŊŦŜŢŗŹŧļŉũŎŌŪŹŵŖŹŵŉźűşŘũŖűşźŎŴŗ  

ŌŪŹŖŧ: Tang et al. (2012) 

şŹŜŎŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŌŪŹűşŘũŖŉźŜŗűşźŎŴŗ ŲşŉļŉŦļŕŧœ 40 őŚĶŧŘŜũĽŦŗœŏŜŹŧ Rsc 

űœũŹŖķūźŎŢŗŹŧļŘŜŉűŘŸŜŴŎĿŹŜļŲŘĶķŢļĶŧŘŲŊĶŘźŧŜ ŢŗŹŧļŵŘĶŸŊŧŖ ŢŦŊŘŧĶŧŘĶŧŘŢŏŲŠźļűœũŹŖķūźŎ Rsc 

űŘũŹŖŚŉŚļŲŚť Rsc ĶŧŘĹŹŢŗ ŷ ŘŦĶŞŧűşŋŪŗŘŕŧœŌŪŹŐŘũŖŧňŎźŨűŉŪŗŜĶŦŎ ĹŹŧ Rsc ķŢļŊŦŜŢŗŹŧļŉũŎ

ōŘŘŖĿŧŊũĽťşŮļĶŜŹŧŊŦŜŢŗŹŧļŉũŎűşŘũŖűşźŎŴŗŲşŉļŴŠźűŠŸŎŜŹŧĶŧŘŘŜŖűşźŎŴŗŎŦźŎĿŹŜŗűœũŹŖ 

ĹŜŧŖŊźŧŎŌŧŎĶŧŘŲŊĶŘźŧŜķŢļŉũŎŢŗŹŧļŖŪŎŦŗşŨĹŦł ķźŢşŘŭŐŎŪźşŧŖŧŘŋŗŬŎŗŦŎŵŉźųŉŗŘŮŐŲŏŏ 

ŘŢŗŲŊĶ űŖŬŹŢűŌŪŗŏĶŦŏŊŦŜŢŗŹŧļŉũŎōŘŘŖĿŧŊũ ŊŦŜŢŗŹŧļŌŪŹűşŘũŖŉźŜŗűşźŎŴŗŐŘŧĶńķūźŎŵŉźŚťűŢŪŗŉ

ŖŧĶĶŜŹŧŲŚťŘŢŗŲŊĶŌŪŹşŦźŎĶŜŹŧ ŲŖźŜŹŧĽťŖŪŘŢŗŲŊĶĽŨŎŜŎŖŧĶűŖŬŹŢŲŠźļ ŖŪűœŪŗļŵŖŹĶŪŹŢŦŎŌŪŹŊŦŉĶŦŎ

ŲŊŹŚťŢŦŎķŢļŘŮŐŲŏŏĶźŢŎŉũŎŌŪŹŴĶŚźĿũŉĶŦŎ  
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ŕŧœ 40 ĶŘŧŔĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ Rsc ĶŦŏŐŘũŖŧňŎźŨ ķŢļŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŌŪŹűşŘũŖ

ŉźŜŗűşźŎŴŗ ĶŦŏŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŌŪŹŵŖŹŵŉźűşŘũŖŉźŜŗűşźŎŴŗ 

ŌŪŹŖŧ: Tang et al (2012)  

Abd El-Halim (2017) ŵŉźŝūĶŞŧœřŊũĶŘŘŖĶŧŘűĶũŉŘŢŗŲŊĶŲŏŏőūŹļŲŠźļķŢļŉũŎűŠŎŪŗŜ

ŌŪŹŵŉźŘŦŏĶŧŘŐŘŦŏŐŘŭļųŉŗŀŧĶĿŧŎŢźŢŗ (sugarcane pith)  ŀūŹļŴĿźűŌĹŎũĹĶŧŘŐŘťŖŜŚőŚŕŧœŋŹŧŗ 

(Image processing) ŴŎĶŧŘŜũűĹŘŧťŠŽŚŦĶŞňťŘŢŗŲŊĶ ĽŧĶőŚĶŧŘŌŉşŢŏœŏŜŹŧ űŖŬŹŢűœũŹŖ

ŐŘũŖŧňĿŧŎŢźŢŗűœŪŗļűŚŸĶŎźŢŗşŧŖŧŘŋűœũŹŖĹŜŧŖœŘŭŎŘŜŖ (total porosity, Pt) ŲŚťŐŘũŖŧňŎźŨ

ĶŦĶűĶŸŏŌŪŹĹŜŧŖĽŭŴŎşŎŧŖ (water retained at field capacity, FC) ŉŦļŕŧœ 41(Ķ) ŴŎķňťŌŪŹ

ĹŜŧŖűĹŘŪŗŉĶŧŘŠŉŊŦŜűĿũļŐŘũŖŧŊŘ (volumetric shrinkage strain, Vs) ŚŉŚļ ŉŦļŕŧœ 41(ķ) ŲŚť

ĿŹŜŗŚŉĶŧŘűĶũŉŘŢŗŲŊĶŲŏŏőūŹļŲŠźļĽŧĶĶŧŘűœũŹŖŐŘũŖŧňĿŧŎŢźŢŗ 2 űŐŢŘŽűŀŸŎŊŽķūźŎŵŐ 

ŎŢĶĽŧĶŎŪźŢŦŊŘŧşŹŜŎœŬźŎőũŜŘŢŗŲŊĶ (surface crack ratio, Rcs) ŚŉŚļűŖŬŹŢŐŘũŖŧňĿŧŎŢźŢŗŖŧĶ

ķūźŎ ŌŨŴŠźĶŧŘŠŉŊŦŜŴŎŖŜŚŉũŎŚŉŚļűĿŹŎĶŦŎ ŉŦļŕŧœ 41(Ĺ) ŀūŹļŊŘļĶŦŎķźŧŖĶŦŏĹŹŧĹŜŧŖĶŜźŧļ 

ŘŢŗŲŊĶ (crack width, CW) ŌŪŹűœũŹŖķūźŎ ŉŦļŕŧœ 41(ļ) şŹŜŎŘŮŐŲŏŏœŬźŎőũŜķŢļŉũŎŌŪŹŲŊĶŢŢĶĽŧĶ

ĶŦŎ ŀūŹļşŦļűĶŊŴŎŕŧœ 42 ŊŦŜŢŗŹŧļŉũŎŌŪŹŖŪŐŘũŖŧňĿŧŎŢźŢŗűŌŹŧĶŦŏ 3 4 ŲŚť 5% ŖŪĹŜŧŖŵŖŹ

şŖŹŨűşŖŢŖŧĶķūźŎ ŲŚťŖŪŘŢŗŲŊĶŖŪķŘŭķŘťŖŧĶĶŜŹŧŊŦŜŢŗŹŧļŉũŎŌŪŹŖŪŐŘũŖŧňĿŧŎŢźŢŗűŌŹŧĶŦŏ 0 1 

ŲŚť 2% ŀūŹļşŦļűĶŊűŠŸŎŴŎŕŧœ 42 ŀūŹļŘŮŐŲŏŏŘŢŗŲŊĶşŢŉĹŚźŢļĶŦŏőŚķŢļĹŹŧ Rcs ŲŚť CW 

 

Singh et al. (2018) ŵŉźŝūĶŞŧŜũōŪĶŧŘŠŧĽŨŎŜŎŘŢŗŲŊĶŏŎœŬźŎőũŜŲŚťĶŧŘŠŉŊŦŜŌŪŹ

ŐŘŧĶńķūźŎŴŎŉũŎŠŚŦļĶŧŘőūŹļŲŠźļŕŧŗŴŊźşŕŧœŢŧĶŧŝŐĶŊũ ųŉŗŴĿźűŌĹŎũĹĶŧŘŜũűĹŘŧťŠŽŕŧœ 

ŕŧŗŴŊźűļŬŹŢŎŵķŊŹŧļ ŷ űĿŹŎ ĹŜŧŖűŐŸŎœŚŧşŊũĶķŢļŉũŎ ĹŜŧŖŠŎŧķŢļŊŦŜŢŗŹŧļ ŲŚťĹŜŧŖĿŬźŎ
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űŘũŹŖŊźŎ ĽŧĶĶŧŘŝūĶŞŧœŏŜŹŧŌŦźļĹŹŧ CDF ŲŚť CIF űœũŹŖķūźŎűŖŬŹŢűœũŹŖŉŦĿŎŪœŚŧşŊũĶķŢļŉũŎ ŲŚť

ĹŜŧŖĿŬźŎűŘũŹŖŊźŎķŢļŊŦŜŢŗŹŧļ ŴŎŌŧļŊŘļĶŦŎķźŧŖ ĶŧŘűœũŹŖĹŜŧŖŠŎŧŊŦŜŢŗŹŧļŌŨŴŠźĹŹŧ CDF ŚŉŚļ

űŚŸĶŎźŢŗŴŎķňťŌŪŹ CIF űœũŹŖķūźŎ őŚķŢļűļŬŹŢŎŵķŊŹŧļ ŷ ŲşŉļŉŦļŊŧŘŧļ 9 şŹŜŎĹŜŧŖĶŜźŧļűľŚŪŹŗ

ķŢļŘŢŗŲŊĶ (AW) ŲŚťĹŜŧŖŗŧŜŘŢŗŲŊĶ (CL) űœũŹŖķūźŎ űŖŬŹŢűœũŹŖĹŜŧŖĿŬźŎŲŚťĹŜŧŖŠŎŧķŢļ

ŊŦŜŢŗŹŧļ şŹŜŎĶŧŘŢŏŲŠźļŌŪŹŵŖŹşŖŹŨűşŖŢĽťşŦļűĶŊŵŉźŴŎŊŦŜŢŗŹŧļŌŪŹĹŜŧŖĿŬźŎűŘũŹŖŊźŎŌŪŹşŮļķūźŎŠŘŬŢ

ĹŜŧŖŠŎŧŖŧĶ űŎŬŹŢļĽŧĶ ĶŧŘŢŏŲŠźļŌŪŹŵŖŹşŖŹŨűşŖŢŲŖźŜŹŧĽŨŎŜŎŘŢŗŲŊĶŏŎœŬźŎőũŜĽťŚŉŚļ

ĹŜŧŖŗŧŜķŢļŘŢŗŲŊĶŘŜŖŋūļĹŜŧŖĶŜźŧļűœũŹŖķūźŎ şŹļőŚŴŠźĹŜŧŖűķźŖķŢļŘŢŗŲŊĶűœũŹŖķūźŎ 

 

  
(Ķ) (ķ) 

  
(Ĺ) (ļ) 

ŕŧœ 41 (Ķ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŜŧŖœŘŭŎŘŜŖ (Pt) ĶŦŏŐŘũŖŧňĿŧŎŢźŢŗ 

(ķ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŜŧŖűĹŘŪŗŉŠŉŊŦŜűĿũļŐŘũŖŧŊŘ (Vs) ĶŦŏŐŘũŖŧňĿŧŎŢźŢŗ 

(Ĺ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļŢŦŊŘŧşŹŜŎœŬźŎőũŜŘŢŗŲŊĶ (Rcs) ĶŦŏŐŘũŖŧňĿŧŎŢźŢŗ 

(ļ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŜŧŖĶŜźŧļŘŢŗŲŊĶ (CW) ĶŦŏŐŘũŖŧňĿŧŎŢźŢŗ 

ŌŪŹŖŧ: Abd El-Halim (2017) 
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ŕŧœ 42 ŘŮŐŲŏŏŘŢŗŲŊĶķŢļŉũŎűŠŎŪŗŜőşŖĿŧŎŢźŢŗ 0 1 2 3 4 ŲŚť 5% ŊŧŖŚŨŉŦŏ 

ŌŪŹŖŧ: Abd El-Halim (2017) 

 

ŊŧŘŧļ 9 őŚŚŦœōŽķŢļĶŧŘŜũűĹŘŧťŠŽŕŧœŋŹŧŗŌŪŹŊŦŜŢŗŹŧļŉũŎŌŪŹŲŊĶŊŹŧļĶŦŎ &Abd El-Halim, 0./5' 
 

ŊŦŜ 

ŢŗŹŧļ

ŉũŎ  

şŋŧŎť  ĹŜŧŖŠŎŧŊŦŜŢŗŹŧļ 15 Ŗ.Ŗ.   ĹŜŧŖŠŎŧŊŦŜŢŗŹŧļ 50 Ŗ.Ŗ.   

CDF CIF CL  

(Ŗ.Ŗ.) 

AW 

 (Ŗ.Ŗ.) 

CDF CIF CL  

(Ŗ.Ŗ.) 

AW 

 (Ŗ.Ŗ.) 

ŉũŎ 2 

LL 63.976 3.833 213.06 0.895 62.861 11.993 440.6 1.525 

PL 25.075 0.541 170.97 0.317 23.697 3.925 383.43 1.079 

OMC 19.026 0 0 0 15.717 0.165 108.03 0.171 

ŉũŎ 3 

LL 50.476 3.419 137.59 1.691 49.649 6.168 412.72 1.064 

PL 21.045 0 0 0 19.444 0 0 0 

OMC 10.774 0 0 0 7.991 0 0 0 

ŉũŎ 4 

LL 27.569 0.289 104.46 0.269 27.027 0 0 0 

PL 8.932 0 0 0 8.074 0 0 0 

OMC 2.875 0 0 0 1.790 0 0 0 

ŉũŎ 5 

LL 8.434 0 0 0 6.949 0 0 0 

PL 0.872 0 0 0 0.368 0 0 0 

OMC 0.308 0 0 0 0.101 0 0 0 

ŠŖŧŗűŠŊŭ LL ĹŬŢ ķŪŉĽŨĶŦŉűŠŚŜ, PL ĹŬŢ ķŪŉĽŨĶŦŉœŚŧşŊũĶ ŲŚť OMC ĹŬŢ ŐŘũŖŧňŎźŨŴŎŉũŎŌŪŹűŠŖŧťşŖ 
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Rafizul and Datta (2018) ŵŉźŝūĶŞŧŚŦĶŞňťŌŪŹőũŉŐĶŊũķŢļŉũŎűŠŎŪŗŜűĿŹŎ ĶŧŘŠŉŊŦŜ 

ĶŧŘŏŜŖŊŦŜ ŘŢŗŲŊĶŲŏŏőūŹļŲŠźļ ŤŚŤ ŀūŹļűŐŸŎŐŦłŠŧŠŚŦĶşŨŠŘŦŏĶŧŘĶŹŢşŘźŧļŲőŹŎŉũŎűŠŎŪŗŜ

ŐŘťĶŢŏ &composite clay liner, CCL) ŴŎœŬźŎŌŪŹŒŦļĶŚŏķŗť ųŉŗŎŨŉũŎűŠŎŪŗŜŖŧőşŖĶŦŏşŧŘűŊũŖ

ŲŊŹļŊŹŧļ ŷ űĿŹŎ ŢũŅűĹŧ (Khoa) ŐŮŎŀŪűŖŎŊŽ ŲŚťűşźŎŴŗ űœŬŹŢŝūĶŞŧŚŦĶŞňťŘŢŗŲŊĶŲŏŏőūŹļŲŠźļ 

ųŉŗŴŎĶŧŘŐŘťŖŜŚŕŧœŋŹŧŗ ĽŧĶőŚĶŧŘŌŉşŢŏœŏŜŹŧ ŢŦŊŘŧşŹŜŎĶŧŘŲŊĶŘźŧŜķŢļœŬźŎŌŪŹőũŜ

űœũŹŖķūźŎŉźŜŗĶŧŘŚŉŐŘũŖŧňŎźŨŴŎŊŦŜŢŗŹŧļŌŨŴŠźĶŧŘķŗŧŗŘŢŗŲŊĶűşŋŪŗŘŌŪŹşŭŉ şŨŠŘŦŏ 

ĶŧŘűŊŘŪŗŖ CCL ŉźŜŗŉũŎűŠŎŪŗŜĽŧĶşŋŧŎŌŪŹŒŦļĶŚŏŌŪŹűŚŬŢĶ ŐŘũŖŧňşŧŘűŊũŖŲŊŹļŌŪŹűŠŖŧťşŖĹŬŢ 

3 3 ŲŚť /,3# şŨŠŘŦŏ ŢũŅűĹŧ ŐŮŎŀŪűŖŎŊŽŲŚťűşźŎŴŗųœŚŪűŖŢŘŽ ŊŧŖŚŨŉŦŏ  

ŎŢĶĽŧĶŎŪź ĿŹŜļŲŘĶĽťœŏŜŹŧĹŹŧ CIF ŚŉŚļűŖŬŹŢűœũŹŖűŐŢŘŽűŀŸŎŊŽķŢļşŧŘűŊũŖŲŊŹļŴŎ 

ŉũŎűŠŎŪŗŜşŨŠŘŦŏ ŐŮŎŀŪűŖŎŊŽ ŢũŅűĹŧ ŲŚťűşźŎŴŗ ŴŎĿŹŜļŌŪŹ 0 ŉŦļŕŧœ 43(Ķ) ŊŹŢŖŧĹŹŧ CDF űŘũŹŖ

ŚŉŚļűŖŬŹŢŖŪĶŧŘűŊũŖşŧŘŴŎŉũŎŢŗŹŧļŊŹŢűŎŬŹŢļ œřŊũĶŘŘŖŲŏŏľŦŏœŚŦŎķŢļŊŦŜŢŗŹŧļŎŪźşŧŖŧŘŋ

ŢōũŏŧŗŵŉźĽŧĶőŚĶŘťŌŏŘŜŖķŢļŘŢŗŲŊĶŲŚťœŬźŎŌŪŹŠŉŊŦŜ ųŉŗŉũŎűŠŎŪŗŜŖŪŲŎŜųŎźŖŌŪŹĽťŠŉŊŦŜ

ŖŧĶŀūŹļĹŹŧ CDF şŹŜŎŴŠłŹŖŧĶķūźŎĽŧĶœŬźŎŌŪŹĶŧŘŠŉŊŦŜ ŲŚťŠŚŦļĽŧĶŐŘũŖŧňűşźŎŴŗ 1% œŬźŎŌŪŹ 

ŘŢŗŲŊĶűœũŹŖķūźŎ ŉŦļŕŧœ 43(ķ) ŊŹŢŖŧĶŧŘűĶũŉŘŢŗŲŊĶŖŪĹŜŧŖşŖŹŨűşŖŢŴŎŢŦŊŘŧŌŪŹŊŹŨŴŎĿŹŜļ 

/0. ĿŦŹŜųŖļŲŘĶ ŲŊŹŠŚŦļĽŧĶŎŦźŎŢŦŊŘŧĶŧŘĶŹŢŊŦŜŘŢŗŲŊĶŌŪŹűĶũŉķūźŎĽťűŘŸŜĶŜŹŧŢŦŊŘŧűŘũŹŖŊźŎ şŧűŠŊŭ

ŌŪŹűŐŸŎŵŐŵŉźŴŎ /0. ĿŦŹŜųŖļŲŘĶűĶũŉĽŧĶŒŎ ĹŜŧŖĿŬźŎŌŪŹŢŧĽűĶũŉķūźŎŲŊĶŊŹŧļĶŦŎŘťŠŜŹŧļŊŦŜŢŗŹŧļ 

œŬźŎőũŜķŢļŊŦŜŢŗŹŧļŖŪĶŧŘœŦŇŎŧŌŪŹĿźŧŖŧĶŲŚťŖŪŘŢŗŲŊĶűœŪŗļűŚŸĶŎźŢŗűŌŹŧŎŦźŎŌŪŹŐŘŧĶńķūźŎŌŪŹőũŜŉũŎ 

œŏ CDF şŮļşŭŉ /2,5# şŨŠŘŦŏĿũźŎļŧŎĹŜŏĹŭŖŴŎķňťŌŪŹŊŹŨşŭŉœŏ /,47# şŨŠŘŦŏŐŮŎŀŪűŖŎŊŽ 3# 

ŉŦļŕŧœ 43(Ĺ) şŭŉŌźŧŗĹŜŧŖĶŜźŧļŘŢŗŲŊĶűľŚŪŹŗŚŉŚļŢŗŹŧļŖŪŎŦŗşŨĹŦłűŖŬŹŢűœũŹŖŐŘũŖŧňşŧŘűŊũŖ

ŲŊŹļŴŎŉũŎ ŴŎşŧŘűŊũŖŲŊŹļűşźŎŴŗœŏĶŧŘűŐŚŪŹŗŎŲŐŚļŢŗŹŧļŖŧĶŌŪŹŐŘũŖŧňűşźŎŴŗ /# ŴŎŉũŎ ŉŦļ

ŕŧœ 43(ļ) 

 

3. ļŧŎŜũĽŦŗŌŪŹűĶŪŹŗŜķźŢļĶŦŏĹŜŧŖĹļŌŎŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ 

ōŦĿĿŦŗ ŴŠŖŹķŦŎŌŽ &034.' ŵŉźŌŨĶŧŘŝūĶŞŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜŲŚťŌŉşŢŏ 

ĹŜŧŖĹļŌŎŉźŜŗŜũōŪűŐŪŗĶŲŚťŲŠźļķŢļŉũŎŊťĶŢŎĶŜŻŧŎœťűŗŧŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽ

ŲŚťűŋźŧŚŢŗ ĽŧĶőŚĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŌŪŹşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ œŏŜŹŧ ŐŘũŖŧňķŢļ

ŐŮŎŀŪűŖŎŊŽşŹļőŚųŉŗŊŘļŊŹŢĹŹŧűŐŢŘŽűŀŸŎŊŽĶŧŘşŮłűşŪŗķŢļŊŦŜŢŗŹŧļŌŉşŢŏ ųŉŗŴŎŊŦŜŢŗŹŧļŌŪŹ

őşŖŐŮŎŀŪűŖŎŊŽŴŎŐŘũŖŧňŖŧĶ œŏŜŹŧĹŹŧűŐŢŘŽűŀŸŎŊŽĶŧŘşŮłűşŪŗĽťŚŉŎźŢŗŚļ şŹŜŎŐŦĽĽŦŗķŢļ 

űŋźŧŚŢŗŌŪŹŴşŹűķźŧŵŐ œŏŜŹŧĽťŖŪŚŦĶŞňťœřŊũĶŘŘŖ ĹŚźŧŗĶŦŏŐŮŎŀŪűŖŎŊŽ ųŉŗűŖŬŹŢŖŪŐŘũŖŧň 
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(Ķ) (ķ) 

 
 

(Ĺ) (ļ) 

ŕŧœ 43 (Ķ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ CIF ĶŦŏŐŘũŖŧňŐŮŎŀŪűŖŎŊŽ ŢũŅűĹŧ ŲŚťűşźŎŴŗ 

(ķ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŹŧ CDF ĶŦŏŐŘũŖŧňŐŮŎŀŪűŖŎŊŽ ŢũŅűĹŧ ŲŚťűşźŎŴŗ 

(Ĺ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļĹŜŧŖĶŜźŧļŘŢŗŲŊĶűľŚŪŹŗĶŦŏŐŘũŖŧňŐŮŎŀŪűŖŎŊŽ ŢũŅűĹŧ ŲŚť

űşźŎŴŗ (ļ) ĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ CDF ĶŦŏűŜŚŧ ķŢļŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŌŪŹŲŊĶŊŹŧļĶŦŎ 

ŌŪŹŖŧ: Rafizul and Datta (2018) 

űŋźŧŚŢŗŖŧĶķūźŎĹŹŧŢŦŊŘŧűŐŢŘŽűŀŸŎŊŽĶŧŘşŮłűşŪŗĶŸĽťŚŉŎźŢŗŚļűĿŹŎĶŦŎ şŹŜŎķźŢŲŊĶŊŹŧļŘťŠŜŹŧļ

ŊŦŜŢŗŹŧļŌŉşŢŏŲŏŏĹŜŏĹŭŖĶŦŏŲŏŏķŦŉşŪ œŏŜŹŧ ŊŦŜŢŗŹŧļŲŏŏķŦŉşŪĽťŖŪĹŹŧűŐŢŘŽűŀŸŎŊŽ 

ĶŧŘşŮłűşŪŗŌŪŹŖŧĶĶŜŹŧŊŦŜŢŗŹŧļŲŏŏĹŜŏĹŭŖķŢļşŹŜŎőşŖŌŪŹŖŪŐŮŎŀŪűŖŎŊŽ 5% ŲŚťűŋźŧŚŢŗ 10% 

(C3F/.) ŲŚťşŹŜŎőşŖŌŪŹŖŪŐŮŎŀŪűŖŎŊŽ 10% ŲŚťűŋźŧŚŢŗ 10% (C/.F/.) ŀūŹļűŐŸŎşŹŜŎőşŖŌŪŹ

űŠŖŧťşŖŊŹŢĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ŉŦļŕŧœ 44 ŲŚťŴŎķňťŌŪŹŊŦŜŢŗŹŧļŖŪĹŹŧĶŨŚŦļ

ŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜŌŪŹşŮļķūźŎ ĹŹŧűŐŢŘŽűŀŸŎŊŽĶŧŘşŮłűşŪŗĶŸĽťŖŪĹŹŧŚŉŎźŢŗŚļ ŲŚťşŢŉĹŚźŢļĶŦŎĶŦŏ

ŐŘũŖŧňķŢļŐŮŎŀŪűŖŎŊŽŌŪŹŖŪĶŧŘűŊũŖŴşŹűķźŧŵŐ ŐŦĽĽŦŗŌŪŹşŨĹŦłŊŹŢĶŧŘűœũŹŖķūźŎķŢļűşŋŪŗŘŕŧœŴŎ 

ŉũŎŊťĶŢŎĶŜŻŧŎœťűŗŧŎŦźŎĹŬŢşŧŘőşŖűœũŹŖŢŗŹŧļŐŮŎŀŪűŖŎŊŽŲŚť űŋźŧŚŢŗ ųŉŗűľœŧťŐŮŎŀŪűŖŎŊŽ
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ŌŪŹŜŹŧ ŲŖźĽťşŹļőŚŴŠźŖŪĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜűœũŹŖķūźŎŲŚźŜ ŎŢĶĽŧĶŎŦźŎŗŦļşŹļŴŠźŖŪĹŹŧ

űŐŢŘŽűŀŸŎŊŽĶŧŘşŮłűşŪŗŌŪŹŎźŢŗŚļŉźŜŗ  ŉŦļŕŧœ 45 

 

 

ŕŧœ 44 őŚűŐŘŪŗŏűŌŪŗŏŘźŢŗŚťĶŧŘşŮłűşŪŗķŢļşŦŉşŹŜŎőşŖ C3F/. ŲŚť C/.F/.  

ŌŪŹŖŧ: ōŦĿĿŦŗ ŴŠŖŹķŦŎŌŽ &2560) 

 

ŕŧœ 45 ĶŧŘűŐŘŪŗŏűŌŪŗŏĹŹŧŘźŢŗŚťĶŧŘşŮłűşŪŗĶŦŏĹŹŧĶŧŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ  

ŌŪŹŖŧ: ōŦĿĿŦŗ ŴŠŖŹķŦŎŌŽ &2560) 

şŦłŅũŊũ űĽŘũłŝũŚŐŽ ŲŚťĹňť (2561) ŵŉźŌŨĶŧŘŝūĶŞŧĶŧŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ ŲŚť

ŌŉşŢŏĹŜŧŖĹļŌŎŉźŜŗŜũōŪűŐŪŗĶŲŚťŲŠźļ &wetting and drying) ķŢļŉũŎŊťĶŢŎķŭŉŌŪŹŐŘŦŏŐŘŭļ
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ĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ųŉŗŊŦŜŢŗŹŧļŌŉşŢŏĽťŋŮĶűŊŘŪŗŖŕŧŗŴŊźűļŬŹŢŎŵķĶŧŘŏŉŢŦŉ

ŲŏŏşŮļĶŜŹŧŖŧŊŘŅŧŎ ŉźŜŗŢŦŊŘŧşŹŜŎőşŖŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ĽŧĶőŚĶŧŘŌŉşŢŏĹŜŧŖ

ĹļŌŎŌŪŹşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ œŏŜŹŧűŖŬŹŢőŹŧŎŘŢŏşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŌŪŹ / ĶŨŚŦļŘŦŏŲŘļŢŦŉĽť

ŚŉŚļŌŪŹ 2.#-3.# 2.#-23# ŲŚť 13#+2.# ķŢļ ŘťŗťűŜŚŧĶŧŘŏŹŖ 5 06 ŲŚť 4. ŜŦŎ 

ŊŧŖŚŨŉŦŏ ĿŪźŴŠźűŠŸŎŜŹŧ ŘťŗťűŜŚŧĶŧŘŏŹŖŖŪŢũŌōũœŚŊŹŢĹŜŧŖŊźŧŎŌŧŎĶŧŘŌŉşŢŏĽťŌŉşŢŏűŐŸŎ

ĽŨŎŜŎ 4 ŘŢŏŌŪŹőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ŲŚťŴŎŊŦŜŢŗŹŧļŌŪŹŢŧŗŭĶŧŘŏŹŖ 5 ŜŦŎ ŏŧļşŹŜŎőşŖŌŨ

ĶŧŘŌŉşŢŏŵŖŹŋūļ 4 ŘŢŏ űŎŬŹŢļĽŧĶŊŦŜŢŗŹŧļűĶũŉĶŧŘœŦļŴŎŘťŠŜŹŧļĶŧŘ ŌŉşŢŏ ĿŪźŴŠźűŠŸŎŜŹŧ 

şŹŜŎőşŖŲŚťŘťŗťűŜŚŧĶŧŘŏŹŖŌŪŹŖŪŢũŌōũœŚŊŹŢĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉĶŸĽťşŹļőŚŊŹŢĹŜŧŖŊźŧŎŌŧŎ

ķŢļşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļűĿŹŎĶŦŎ şŨŠŘŦŏŌŪŹĶŧŘŏŹŖŢŧŗŭĶŧŘ 06 ŲŚť 4. ŜŦŎ œŏŜŹŧ ĶŧŘŌŉşŢŏ

şŧŖŧŘŋŌŨŵŉźŋūļ 4 ŘŢŏŉŦļŕŧœ 46 ŲŚť ŴŎŕŧœ 47 ĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŴŎŲŊŹŚťŘŢŏşŕŧŜť

űŐŪŗĶşŚŦŏŲŠźļ ŌŭĶşŹŜŎőşŖķŢļŘťŗťűŜŚŧĶŧŘŏŹŖ 5 06 ŲŚť 4. ŜŦŎĽťŲşŉļĹŜŧŖşŦŖœŦŎōŽ

ųŉŗŊŘļĶŦŏĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉ ųŉŗŵŖŹŖŪĶŧŘĹŨŎūļŋūļŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗŌŪŹőşŖűœũŹŖ

űķźŧŵŐ ŲŚťĶŧŘŌŉşŢŏĽťŲşŉļŴŠźűŠŸŎĿŦŉűĽŎŜŹŧĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉűŖŬŹŢőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏ

ŲŠźļĽťŚŉŚļűŖŬŹŢŖŪĽŨŎŜŎŘŢŏŌŉşŢŏŌŪŹűœũŹŖķūźŎ ŉŦļŎŦźŎşŧŖŧŘŋœŦŇŎŧĶŧŘŲşŉļĹŜŧŖşŦŖœŦŎōŽ

ŘťŠŜŹŧļĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉűŖŬŹŢőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŊŹŢĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉ űŌŪŗŏĶŦŏĽŨŎŜŎ

ŘŢŏŵŉź 

 

œŪŘœļŞŽ şũŖŧŘŦŊŎŽ ŲŚťĹňť (2562) ŵŉźŌŨĶŧŘŝūĶŞŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜŲŚť

ŌŉşŢŏĹŜŧŖĹļŌŎŉźŜŗŜũōŪűŐŪŗĶŲŚťŲŠźļķŢļŉũŎŊťĶŢŎķŭŉŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽ

ŲŚťűŋźŧŚŢŗ ŴŎĶŘňŪŝūĶŞŧűķŬŹŢŎŲŖŹşŧŏ ĽŧĶőŚĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŌŪŹşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ 

œŏŜŹŧşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŎŦźŎ şŹļőŚŢŗŹŧļŖŧĶŊŹŢĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ űŖŬŹŢĽŨŎŜŎŘŢŏ

űŐŪŗĶşŚŦŏŲŠźļűœũŹŖŖŧĶķūźŎ ĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉĽťŚŉŎźŢŗŚļŖŧĶķūźŎ űŎŬŹŢļĽŧĶŴŎşŕŧŜťűŐŪŗĶĽť

űĶũŉĶŧŘŏŜŖŊŦŜŕŧŗŴŎŢŎŭŕŧĹķŢļŉũŎűŠŎŪŗŜűŎŬŹŢļĽŧĶŖŪĶŧŘķŗŧŗŊŦŜ ŎŢĶĽŧĶŎŪźőŚĶŧŘŌŉşŢŏ

ŗŦļŲşŉļŴŠźűŠŸŎŜŹŧŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŠŘŬŢűŋźŧŚŢŗŌŪŹűœũŹŖķūźŎ ĿŹŜŗŴŎĶŧŘűœũŹŖĹŜŧŖĹļŌŎķŢļ

ŊťĶŢŎŉũŎŐŘŦŏŐŘŭļĹŭňŕŧœŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļűœŪŗļűŚŸĶŎźŢŗűŌŹŧŎŦźŎ ŴŎķňťűŉŪŗŜĶŦŎ

ŢŧŗŭĶŧŘŏŹŖ 
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(Ķ) (ķ) 

 
(Ĺ) 

ŕŧœ 46 ĶŘŧŔĹŜŧŖşŦŖœŦŎōŽŘťŠŜŹŧļ qu(w-d) ĶŦŏ qu(unsoaked) (a) ŢŧŗŭĶŧŘŏŹŖ 7 ŜŦŎ (b) 

ŢŧŗŭĶŧŘŏŹŖ 28 ŜŦŎ (c) ŢŧŗŭĶŧŘŏŹŖ 60 ŜŦŎ 

ŌŪŹŖŧ: şŦłŅũŊũ űĽŘũłŝũŚŐŽ ŲŚťĹňť (2561)  

ŌŪŹűœũŹŖŖŧĶķūźŎĶŸŖŪşŹŜŎŴŎĶŧŘűœũŹŖĹŜŧŖĹļŌŎķŢļŊťĶŢŎŉũŎűœũŹŖűœŪŗļűŚŸĶŎźŢŗűĿŹŎĶŦŎ ųŉŗ

ŊŦŜŢŗŹŧļŌŪŹŢŧŗŭĶŧŘŏŹŖ 7 ŜŦŎ űŖŬŹŢőŹŧŎŘŢŏűŐŪŗĶşŚŦŏŲŠźļ 1 ŘŢŏ ĶŨŚŦļŘŦŏŲŘļŢŦŉĽťŚŉŚļ

ŐŘťŖŧň 40 % ķŢļĶŨŚŦļŘŦŏŲŘļŢŦŉŴŎşŕŧŜťŐĶŊũ ŲŚťűŖŬŹŢőŹŧŎŘŢŏűŐŪŗĶşŚŦŏŲŠźļŘŢŏŌŪŹ 6 

ĶŨŚŦļĽťŚŉŚļŋūļ ŐŘťŖŧň 80% ķŢļĶŨŚŦļŘŦŏŲŘļŢŦŉŴŎşŕŧŜťŐĶŊũ ŉŦļŕŧœ 48 

Yoobanpot et al. (2020) ŵŉźŝūĶŞŧĹŭňşŖŏŦŊũ ŲŚťŚŦĶŞňťųĹŘļşŘźŧļŌŧļĽŭŚŕŧĹķŢļŊťĶŢŎ

ŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽœŢŘŽŊŲŚŎŉŽōŘŘŖŉŧ &ordinary portland cement, OPC) ŐŘťűŕŌŌŪŹ /  

ŲŚťűŋźŧŚŢŗ &FA) ŘŜŖŵŐŋūļĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ (W-D cycle) ĽŧĶőŚ 
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ŌŪŹŖŧ: şŦłŅũŊũ űĽŘũłŝũŚŐŽ ŲŚťĹňť (2561) 

 

 

ŕŧœ 48 ĶŘŧŔĹŜŧŖşŦŖœŦŎōŽķŢļĶŨŚŦļŘŦŏŲŘļŢŦŉŊŹŢŘŢŏŌŪőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ  

ŌŪŹŖŧ: œŪŘœļŞŽ şũŖŧŘŦŊŎŽ ŲŚťĹňť (2562) 

ĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŕŧŗŴŊźşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ œŏŜŹŧ şŨŠŘŦŏŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŌŦźļŠŖŉ ŌŨŴŠź

ĹŹŧ qu ŖŪŲŎŜųŎźŖŌŪŹĽťűœũŹŖķūźŎŊŧŖŐŘũŖŧňŐŮŎŀŪűŖŎŊŽŌŪŹűœũŹŖķūźŎŲŚťűŜŚŧŴŎĶŧŘŏŹŖŊŦŜŢŗŹŧļŌŪŹŐŘŦŏŐŘŭļ

ĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŌŪŹŵŖŹŵŉźŌŉşŢŏŴŎşŕŧŜťűŐŪŗĶşŚŦŏşŚŦŏ ķźŢŵŉźűŐŘŪŗŏķŢļűŋźŧŚŢŗĹŬŢĹŹŧĶŨŚŦļ

ŘŦŏŲŘļŢŦŉŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ (qu(W ú D)) űœũŹŖķūźŎŉźŜŗĶŧŘűœũŹŖķŢļűŋźŧŚŢŗ űŖŬŹŢűŌŪŗŏĶŦŏĹŹŧ qu ŌŪŹ

ŵŖŹŵŉźŌŉşŢŏŴŎşŕŧŜťűŐŪŗĶşŚŦŏşŚŦŏ ŘŮŐŲŏŏĶŧŘœŦŇŎŧĶŨŚŦļŘŦŏŲŘļŢŦŉŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļĽťŖŪ

ŲŎŜųŎźŖĹŚźŧŗ ŷ ĶŦŎ ĹŹŧ qu ŖŪŲŎŜųŎźŖŚŉŚļűŖŬŹŢŐŘũŖŧňűŋźŧŚŢŗűĶũŎ /.# őŚŚŦœōŽŎŪźŲşŉļŜŹŧ qu(W ú D) 

ķūźŎŢŗŮŹĶŦŏ qu ŢŗŹŧļŵŘĶŸŊŧŖĹŹŧĶŨŚŦļŘŦŏŲŘļŢŦŉŌŦźļşŢļŚŉŚļŉźŜŗĽŨŎŜŎŘŢŏ &C) űœũŹŖķūźŎŌŪŹŢŧŗŭĶŧŘŏŹŖ 5 

ŜŦŎ ŠŚŦļĽŧĶşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļŴŎŘŢŏŲŘĶ űŠŖŬŢŎĶŦŏŊŦŜŢŗŹŧļŌŪŹŢŧŗŭ 06 ŜŦŎ ŉŦļŕŧœ 49 

 

ŕŧœ 47 ĶŘŧŔĹŜŧŖşŦŖœŦŎōŽķŢļĶŨŚŦļŘŦŏŲŘļŢŦŉŊŹŢŘŢŏŌŪőŹŧŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ 
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ŕŧœ 27 ĶŧŘœŦŇŎŧĹŜŧŖŲķŸļŲŘļķŢļŊŦŜŢŗŹŧļŌŪŹŖŪĹŜŧŖűşŋŪŗŘşŨŠŘŦŏ W ú D ŘŢŏŌŪŹ /, 1 

ŲŚť 4 şŨŠŘŦŏŘťŗťűŜŚŧĶŧŘŏŹŖ 5, 06 ŲŚť 4. ŜŦŎ &ŕŧœ 49&Ķ), 49&ķ) ŲŚť 49&Ĺ) 

ŊŧŖŚŨŉŦŏ' 

ŌŪŹŖŧ: Yoobanpot et al. (2020) 

 



 

 

 

ŏŌŌŪŹ 3  

 

ŜũōŪĶŧŘŌŉşŢŏ 

 

ŜŦşŉŭŌŪŹŴĿźŴŎĶŧŘŌŉşŢŏ 

ŜŦşŉŭŌŪŹŎŨŖŧŴĿźŴŎĶŧŘŌŉşŢŏŐŘťĶŢŏŵŐŉźŜŗ ŉũŎűŠŎŪŗŜŢŹŢŎ ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ 

ŉŦļŕŧœ 50 ųŉŗŊŦŜŢŗŹŧļŉũŎűŠŎŪŗŜŌŪŹŎŨŖŧŴĿźŴŎļŧŎŜũĽŦŗĹŬŢ ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ ŘťŉŦŏĹŜŧŖ

ŚūĶŐŘťŖŧň 3 ŋūļ 14 űŖŊŘ ŏŘũűŜňŋŎŎşŧŗĶŧłĽŎŧŕũűŞĶ-œŭŌōŖňņŚ şŧŗ 2 ŲŚťœŬźŎŌŪŹ

ŴĶŚźűĹŪŗļŌŪŹŖŪĶŧŘĶŹŢşŘźŧļŊŹŧļ ŷ  ŉŦļŲşŉļŴŎŕŧœ 51 şŨŠŘŦŏŐŮŎŀŪűŖŎŊŽŌŪŹŎŨŖŧŴĿźŴŎļŧŎŜũĽŦŗĹŬŢ 

ŐŮŎŀŪűŖŎŊŽœŢŘŽŊŲŚŎŉŽ ŐŘťűŕŌ 1 ŲŚťűŋźŧŚŢŗŌŪŹŴĿźŴŎļŧŎŜũĽŦŗĹŬŢ űŋźŧŚŢŗĽŧĶųŘļŵŔŔźŧŲŖŹűŖŧť 

Ţ.ŲŖŹűŖŧť Ľ.ŚŨŐŧļ 

ĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũœŬźŎŅŧŎŌŧļŜũŝŜĶŘŘŖ 

ĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũœŬźŎŅŧŎŌŧļŜũŝŜĶŘŘŖŲŚťĹŭňşŖŏŦŊũŌŧļűĹŖŪķŢļŉũŎűŠŎŪŗŜŢŹŢŎ

ĶŘŭļűŌœ ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ ŉŦļŲşŉļŴŎŊŧŘŧļ 10  

 

ŊŧŘŧļ 10 ųŐŘŲĶŘŖĹŭňşŖŏŦŊũœŬźŎŅŧŎ 

ŜŦşŉŭ ĶŧŘŌŉşŢŏ ŖŧŊŘŧŅŧŎ 

ŉũŎűŠŎŪŗŜ ĹŜŧŖŋŹŜļĽŨűœŧťķŢļűŖŸŉŉũŎ ASTM D 854  

ķŪŉĽŨĶŦŉŢŦŊűŊŢŘŽűŏŢŘŽĶ ASTM D 4318 ŲŚť D 427 

ķŎŧŉķŢļűŖŸŉŉũŎ ŲŚťĶŧŘŜŦŉųŉŗŴĿźŵţųŉŘŖũűŊŢŘŽ ASTM D 422 

ĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘşűŀŎŊŽ (XRF) - 

ĶŧŘŌŉşŢŏųŉŗĶŚźŢļŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ (SEM) - 

űŋźŧŚŢŗ ĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘşűŀŎŊŽ (XRF) - 

ĶŧŘŌŉşŢŏųŉŗĶŚźŢļŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ (SEM) - 
 

ŠŖŧŗűŠŊŭ ŐŮŎŀŪűŖŎŊŽŲŚťŴĿźĹŹŧĹŭňşŖŏŦŊũŊŹŧļŷĽŧĶőŮźőŚũŊ 
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(Ķ) 

 
(ķ) 

 
(Ĺ) 

ŕŧœ 50 ŜŦşŉŭŌŪŹŴĿźŴŎļŧŎŜũĽŦŗ (Ķ) ŉũŎűŠŎŪŗŜŢŹŢŎĶŘŭļűŌœ (ķ) ŐŮŎŀŪűŖŎŊŽŐŢŊŲŚŎŉŽ 

ŐŘťűŕŌ 1 ŲŚť (Ĺ) űŋźŧŚŢŗĽŧĶųŘļŵŔŔźŧŲŖŹűŖŧť 
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ŕŧœ 3/ ŏŘũűŜňŋŎŎşŧŗĶŧłĽŎŧŕũűŞĶ-œŭŌōŖňņŚ şŧŗ 2 ŲŚťœŬźŎŌŪŹŴĶŚźűĹŪŗļ 

ŌŪŹŖŧ: Google Maps 

1. ĶŧŘŌŉşŢŏĹŹŧĹŜŧŖŋŹŜļĽŨűœŧť  

ĶŧŘŌŉşŢŏĹŹŧĹŜŧŖŋŹŜļĽŨűœŧť (specific gravity) ŊŧŖŖŧŊŘŅŧŎ ASTM D 854 űŐŸŎ

ĶŧŘŌŉşŢŏűœŬŹŢŠŧŢŦŊŘŧşŹŜŎŘťŠŜŹŧļĹŜŧŖŠŎŧŲŎŹŎķŢļŖŜŚŉũŎ ŲŚťĹŜŧŖŠŎŧŲŎŹŎķŢļŎźŨŌŪŹ

ŢŭňŠŕŮŖũ 4  ŌŪŹŖŪŐŘũŖŧŊŘűŌŹŧĶŦŏŖŜŚŉũŎ şŨŠŘŦŏŖŜŚŉũŎŌŪŹŖŪŲŘŹōŧŊŭŠŚŧŗĿŎũŉŐŘťĶŢŏĶŦŎ ŉŦļŎŦźŎ

ĹŹŧĹŜŧŖŋŹŜļĽŨűœŧť ĹŬŢ ĹŹŧűľŚŪŹŗķŢļĹŜŧŖŋŹŜļĽŨűœŧťķŢļŲŘŹōŧŊŭŴŎŖŜŚŉũŎŎŦźŎ  

ĹŜŧŖŋŹŜļĽŨűœŧťűŐŸŎĹŹŧŉŦĿŎŪŌŪŹŏŢĶĿŎũŉķŢļŉũŎŴŎĶŧŘŲŗĶŐŘťűŕŌ ŲŚťŴĿźŴŎĶŧŘĹŨŎŜňĹŜŧŖ

œŘŭŎ (Porosity) ŢŦŊŘŧşŹŜŎĿŹŢļŜŹŧļ (Void ratio) ĹŜŧŖŢũŹŖŊŦŜ (Degree of saturation) ŲŚť ŢŬŹŎ ŷ 

ųŉŗĶŧŘŌŉşŢŏŎŨŉũŎŢŏŲŠźļőşŖŎźŨĶŚŦŹŎŴŠźűķźŧĶŦŎ űŌŚļŴŎķŜŉŠŧĹŜŧŖŋŹŜļĽŨűœŧť ŲŚźŜŊźŖ

űœŬŹŢŵŚŹŔŢļŢŧĶŧŝĽŎŠŖŉ ŲŚźŜŐŚŹŢŗŴŠźűŗŸŎŚļŋūļŢŭňŠŕŮŖũŠźŢļ ŲŚźŜŜŦŉŢŭňŠŕŮŖũķŢļŎźŨŴŎķŜŉ 

űŌŚļŴşŹŋŧŉŲŚźŜŎŨŵŐŢŏűœŬŹŢŠŧŎŨŠŎŦĶŲŠźļķŢļŉũŎ ŌŨĶŧŘŌŉşŢŏŀźŨŢŪĶĹŘŦźļűœŬŹŢŠŧĹŹŧűľŚŪŹŗ

ĹŜŧŖŋŹŜļĽŨűœŧťķŢļŉũŎűŠŎŪŗŜ 

2. ĶŧŘŌŉşŢŏķŪŉĽŨĶŦŉŢŦŊűŊŢŘŽűŏŢŘŽĶ  

ĶŧŘŌŉşŢŏķŪŉĽŨĶŦŉŢŦŊűŊŢŘŽűŏŢŘŽĶ &?rrcp`cpeýq jgkgr _lb glbgacq rcqr' ŊŧŖ

ŖŧŊŘŅŧŎ ASTM D 4318 (2017) ŲŚť D 427 (2017) űŐŸŎĶŧŘŌŉşŢŏűœŬŹŢŠŧŐŘũŖŧňŎźŨ (Water 

content) ŌŪŹŴĿźŏŢĶŋūļşŕŧŎŕŧœķŢļŖŜŚŉũŎŉŦļŕŧœ 52 ŌŪŹűŘŪŗĶŜŹŧ ķŪŉĽŨĶŦŉ (Limit) ŀūŹļűŐŸŎ
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ĹŭňşŖŏŦŊũķŢļŖŜŚŉũŎŎŦźŎ ŷ ŌŧļŜũŝŜĶŘŘŖŵŉźŠŚŧŗŢŗŹŧļ űĿŹŎ ĹŭňşŖŏŦŊũŌŧļŉźŧŎĶŨŚŦļ  

ĶŧŘŌŘŭŉŊŦŜŲŚťŲŘļŉŦŎŉźŧŎķźŧļ ŲŚť ŢŬŹŎ ŷ ųŉŗĶŧŘŌŉşŢŏŲŏŹļűŐŸŎ 3 ĿŭŉĶŧŘŌŉşŢŏ  

1.ĶŧŘŌŉşŢŏķŪŉĽŨĶŦŉűŠŚŜ űœŬŹŢŠŧķŪŉĽŨĶŦŉűŠŚŜ (Liquid limit, LL) ĹŬŢŐŘũŖŧňĹŜŧŖĿŬźŎŴŎŖŜŚ

ŉũŎķňťŌŪŹűŐŚŪŹŗŎşŋŧŎŕŧœĽŧĶķŢļűŠŚŜűŐŸŎœŚŧşŊũĶ 2.ĶŧŘŌŉşŢŏķŪŉĽŨĶŦŉœŚŧşŊũĶ űœŬŹŢ

ŠŧķŪŉĽŨĶŦŉœŚŧşŊũĶ (Plastic limit, PL) ĹŬŢŐŘũŖŧňĹŜŧŖĿŬźŎŴŎŖŜŚŉũŎķňťŌŪŹűŐŚŪŹŗŎşŋŧŎŕŧœ

ĽŧĶœŚŧşŊũĶűŐŸŎĶūŹļķŢļŲķŸļ ŲŚť 3.ĶŧŘŌŉşŢŏŌŉşŢŏķŪŉĽŨĶŦŉŠŉŊŦŜ űœŬŹŢŠŧķŪŉĽŨĶŦŉŠŉŊŦŜ 

(Shrinkage limit, SL) ĹŬŢŐŘũŖŧňĹŜŧŖĿŬźŎŴŎŖŜŚŉũŎķňťŌŪŹűŐŚŪŹŗŎşŋŧŎŕŧœĽŧĶĶūŹļķŢļŲķŸļ

űŐŸŎķŢļŲķŸļ 

 

ŕŧœ 52 şŕŧŎŕŧœķŢļŖŜŚŉũŎ 

ŌŪŹŖŧ: ŎœŎŦŎŌŽ œŘŘňķŧŖ (2556) 

3. ĶŧŘŌŉşŢŏŠŧķŎŧŉűŖŸŉŉũŎ  

ĶŧŘŌŉşŢŏŠŧķŎŧŉűŖŸŉŉũŎ (grain size analysis test) ŊŧŖŖŧŊŘŅŧŎ ASTM D 422-

63 űŐŸŎĶŧŘŌŉşŢŏűœŬŹŢŠŧķŎŧŉķŢļűŖŸŉŉũŎ ŲŚťĶŘťĽŧŗķŢļűŖŸŉŉũŎ ŀūŹļŖŪőŚŊŹŢĹŭňşŖŏŦŊũ

ŌŧļŉźŧŎĶŧŗŕŧœ ŠŘŬŢŉźŧŎŜũŝŜĶŘŘŖ ųŉŗűľœŧťĹŜŧŖŀūŖŎźŨ ŲŚťŢŦŊŘŧĶŧŘŌŘŭŉŊŦŜ  

ĶŧŘŠŧķŎŧŉķŢļűŖŸŉŉũŎ ŖŪĹŜŧŖşŨĹŦłŖŧĶŴŎĶŧŘŲŗĶĿŎũŉķŢļŉũŎ ŲŚťŚŦĶŞňťķŢļűŖŸŉŉũŎ 

űĿŹŎ ŉũŎŌŘŧŗ ĹŬŢűŖŸŉŉũŎŌŪŹŖŪķŎŧŉŊŦźļŲŊŹ 0.074 mm ŋūļ 4.63 mm ŲŚťŉũŎűŠŎŪŗŜ ĹŬŢűŖŸŉŉũŎŌŪŹŖŪ
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ķŎŧŉűŚŸĶĶŜŹŧ 0.074 mm ųŉŗĶŧŘŌŉşŢŏŲŏŹļűŐŸŎ 2 ĿŭŉĶŧŘŌŉşŢŏ 1.ŠŧķŎŧŉűŖŸŉŉũŎųŉŗ 

ĶŧŘŘŹŢŎŊťŲĶŘļ (sieve analysis) şŨŠŘŦŏŉũŎŌŪŹŖŪķŎŧŉŴŠłŹĶŜŹŧ 0.074 mm ŲŚť 2.ŠŧķŎŧŉ 

űŖŸŉŉũŎųŉŗŴĿźŵţųŉŘŖũűŊŢŘŽ (hydrometer) şŨŠŘŦŏŉũŎŌŪŹŖŪķŎŧŉűŚŸĶĶŜŹŧ 0.074 mm 

 

4. ĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘşűŀŎŊŽ  

ĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘş (x-ray fluorescence, XRF) űŐŸŎűĹŘŬŹŢļŖŬŢŌŪŹŴĿź

ŴŎĶŧŘŜũűĹŘŧťŠŽōŧŊŭŌŪŹŢŗŮŹŴŎŊŦŜŢŗŹŧļŌŉşŢŏ ŉŦļŕŧœ 53 ųŉŗşŧŖŧŘŋŜũűĹŘŧťŠŽŵŉźŌŦźļŴŎűĿũļ

ŐŘũŖŧňŲŚťĹŭňŕŧœ ųŉŗşŧŖŧŘŋŴĿźŵŉźĶŦŏļŧŎŜũĽŦŗŴŎŠŚŧŗ ŷ ŉźŧŎ űĿŹŎ ŜŦşŉŭŝŧşŊŘŽ ōŘňŪŜũŌŗŧ 

şũŹļŲŜŉŚźŢŖ ŌŧļĶŧŘŲœŌŗŽ ŘŜŖŋūļŊŦŜŢŗŹŧļĽŧĶŢŭŊşŧŠĶŘŘŖŉźŧŎŊŹŧļ ŷ űŐŸŎŊźŎ ĶŧŘŜũűĹŘŧťŠŽ

ķŢļűĹŘŬŹŢļ XRF ĽťŢŧŝŦŗŠŚŦĶĶŧŘűŘŬŹŢļŘŦļşŪűŢŸĶŀŽ ķŢļŊŦŜŢŗŹŧļ ųŉŗĽťŗũļŘŦļşŪűŢŸĶŀŽűķźŧŵŐŴŎ

ŊŦŜŢŗŹŧļōŧŊŭŊŹŧļ ŷ ŌŪŹŢŗŮŹŴŎŊŦŜŢŗŹŧļŌŉşŢŏ ųŉŗŊŦŜŢŗŹŧļōŧŊŭĽťŉŮŉĶŚŬŎŘŦļşŪűŢŸĶŀŽŲŚźŜĹŧŗ

œŚŦļļŧŎŢŢĶŖŧ ųŉŗœŚŦļļŧŎŌŪŹĹŧŗŠŘŬŢŲşļŔŮŚŢŢűŘşűŀŎŊŽ &fluorescene) ŌŪŹŢŢĶŖŧŎŦźŎ ĽťŖŪ 

ĹŹŧœŚŦļļŧŎķūźŎĶŦŏĿŎũŉķŢļōŧŊŭŌŪŹŢŗŮŹŴŎŊŦŜŢŗŹŧļŎŦźŎ ŷ ŌŨŴŠźűŘŧşŧŖŧŘŋŲŗĶŵŉźŜŹŧŴŎŊŦŜŢŗŹŧļŌŪŹ

ŌŉşŢŏŎŦźŎŖŪōŧŊŭŢťŵŘŢŗŮŹŏźŧļ ųŉŗŴĿźűĹŘŬŹŢļŊŘŜĽĽŦŏŜŦŉĹŹŧœŚŦļļŧŎŌŪŹŢŢĶŖŧĽŧĶŊŦŜŢŗŹŧļ 

 

 

ŕŧœ 53 űĹŘŬŹŢļŖŬŢĶŧŘŌŉşŢŏųŉŗŜũōŪűŢĶŀűŘŗŽŔŚŮŢŢűŘş 
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5. ĶŧŘŌŉşŢŏųŉŗĶŚźŢļŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ  

ĶŚźŢļĽŭŚŌŘŘŝŎŽŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ (scanning electron microscope, SEM) 

űŐŸŎĶŚźŢļĽŭŚŌŘŘŝŎŽŌŪŹŴĿźŢũűŚŸĶŊŘŢŎ &electron) űŐŸŎŲŠŚŹļĶŨűŎũŉŲşļ űŐŸŎűĹŘŬŹŢļŖŬŢŌŪŹŴĿźŝūĶŞŧ

ŚŦĶŞňťşŦňŅŧŎķŢļŜŦşŉŭŴŎŘťŉŦŏĽŭŚŕŧĹ ŉŦļŕŧœ 54 ŀūŹļűŐŸŎŘŧŗŚťűŢŪŗŉŌŪŹűŚŸĶŖŧĶ ŲŚť

űŎŬŹŢļĽŧĶķźŢĽŧĶŦŉķŢļĶŚźŢļĽŭŚŌŘŘŝŎŽŲŏŏŲşļŌŪŹŖŪĹŜŧŖŗŧŜĹŚŬŹŎŲşļķŎŧŉŴŠłŹĶŜŹŧŚŦĶŞňť

şŦňŅŧŎŏŧļĿŎũŉŌŪŹŊźŢļĶŧŘŝūĶŞŧ ŲŚťĶŨŚŦļĹŜŧŖşŧŖŧŘŋŴŎĶŧŘŲŗĶĿŦŉķŢļĶŚźŢļĽŭŚŌŘŘŝŎŽ

ŲŏŏŲşļōŘŘŖŉŧŖŪĹŹŧŊŹŨ ŴĿźŉŮŜŦŊŋŭűŚŸĶşŭŉŐŘťŖŧň .,0 mm ŲŚťŴŠźĶŨŚŦļķŗŧŗşŮļşŭŉŵŖŹűĶũŎ 

1,... űŌŹŧ ŀūŹļŵŖŹşŧŖŧŘŋŊŘŜĽşŢŏŘŧŗŚťűŢŪŗŉķŢļŜŦŊŋŭŌŪŹŖŪķŎŧŉűŚŸĶŖŧĶ ŷ ŵŉź ĽūļŖŪ 

ĹŜŧŖĽŨűŐŸŎŌŪŹĽťŊźŢļŴĿźĶŚźŢļĽŭŚŌŘŘŝŎŽ+ŢũűŚŸĶŊŘŢŎŌŪŹŖŪĶŨŚŦļķŗŧŗşŮļ ŖŪĹŜŧŖşŧŖŧŘŋŴŎ 

ĶŧŘŲŗĶĿŦŉŉŪ űŎŬŹŢļĽŧĶŖŪĹŜŧŖŗŧŜĹŚŬŹŎşŦźŎ űœŬŹŢĿŹŜŗŴŎĶŧŘŜũűĹŘŧťŠŽŚŦĶŞňťşŦňŅŧŎķŢļŜŦşŉŭ 

ųŉŗĶŚźŢļĽŭŚŌŘŘŝŎŽŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉŖŪĶŨŚŦļķŗŧŗŖŧĶĶŜŹŧ 1,... űŌŹŧĽŎŋūļŘťŉŦŏ

ŖŧĶĶŜŹŧ /..,... űŌŹŧ ŲŚťşŧŖŧŘŋŲĽĶŲĽļŘŧŗŚťűŢŪŗŉķŢļŕŧœ ŀūŹļķūźŎĶŦŏŚŦĶŞňťŊŦŜŢŗŹŧļŵŉź

ŊŦźļŲŊŹ 1 ŋūļ /.. nm ŢŪĶŌŦźļŗŦļşŧŖŧŘŋŴĿźļŧŎŘŹŜŖĶŦŏųŠŖŉűŌĹŎũĹĶŧŘŜũűĹŘŧťŠŽŢŬŹŎ űĿŹŎ  

ĶŧŘŜũűĹŘŧťŠŽŉźŜŗűŌĹŎũĹşűŐĶųŊŘűŖŊŘŪŲŏŏĶŘťĽŧŗœŚŦļļŧŎ (energy dispersive 

spectrometry, EDS) ŲŚť ĶŧŘŜũűĹŘŧťŠŽŉźŜŗűŌĹŎũĹşűŐĶųŊŘűŖŊŘŪŲŏŏĶŘťĽŧŗĹŜŧŖŗŧŜĹŚŬŹŎ 

(wave length dispersive spectrometry, WDS) ŌŪŹűŐŸŎķźŢŖŮŚŌŧļűĹŖŪ ĽūļŌŨŴŠźĶŚźŢļĽŭŚŌŘŘŝŎŽ 

ŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉűŐŸŎŌŪŹŎũŗŖŴĿźĶŦŎŢŗŹŧļĶŜźŧļķŜŧļŴŎŐŦĽĽŭŏŦŎ 

 

ŕŧœ 32 űĹŘŬŹŢļŖŬŢĶŧŘŌŉşŢŏųŉŗĶŚźŢļŢũűŚŸĶŊŘŢŎŲŏŏşŹŢļĶŘŧŉ 
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ĶŧŘŌŉşŢŏĹŭňşŖŏŦŊũŌŧļŜũŝŜĶŘŘŖ 

1. ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ  

ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (unconfined compression test) ŊŧŖŖŧŊŘŅŧŎ 

ASTM D 2166 űŐŸŎĶŧŘŌŉşŢŏűœŬŹŢŠŧĹŹŧĶŨŚŦļŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (unconfined compression 

strength, qu) ķŢļŜŦşŉŭőşŖ ĶŧŘŌŉşŢŏųŉŗĶŧŘŲŘļĶŉŉźŜŗűĹŘŬŹŢļĶŉŲŘļŢŦŉ ŉŦļŕŧœ 55 ŴŠźŲŘļ

ŴŎŲŎŜŉũŹļűœŪŗļŲĶŎűŉŪŗŜűŌŹŧŎŦźŎ ŐŘŧŝŘŧĶŲŘļŢŦŉųŉŗŘŢŏŖŜŚŉũŎ ĹŹŧ qu ĽťŖŪĹŹŧűŌŹŧĶŦŏĹŹŧ

ŎźŨŠŎŦĶşŮļşŭŉŌŪŹĶŘťŌŨŊŹŢŠŎūŹļŠŎŹŜŗœŬźŎŌŪŹ  

ŴŎļŧŎŜũĽŦŗŎŪźŌŨĶŧŘŌŉşŢŏŉũŎűŠŎŪŗŜŢŹŢŎŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚť 

űŋźŧŚŢŗ ĽŧĶŊŦŜŢŗŹŧļŌŘļĶŘťŏŢĶŖŪķŎŧŉűşźŎőŹŧŝŮŎŗŽĶŚŧļűŌŹŧĶŦŏ 3.7 űŀŎŊũűŖŊŘ (1 ŎũźŜ) ŲŚť

ĹŜŧŖşŮļűŌŹŧĶŦŏ 7.6 űŀŎŊũűŖŊŘ űŊŘŪŗŖŊŦŜŢŗŹŧļųŉŗŎŨŉũŎűŠŎŪŗŜŢŹŢŎŖŧŢŏŴŠźŲŠźļŲŚźŜŏŉűŐŸŎ

őļŎŨŖŧőşŖĶŦŏ ŐŮŎŀŪűŖŎŊŽŊŧŖŉźŜŗűŋźŧŚŢŗĹŎŴŠźűķźŧĶŦŎ ŎŨűķźŧűĹŘŬŹŢļőşŖŊŦŜŢŗŹŧļœŘźŢŖĶŦŏ

űŊũŖŎźŨ ŲŚźŜŌŨĶŧŘŠŚŹŢŊŦŜŢŗŹŧļŌŘļĶŘťŏŢĶŴŎŌŹŢ PVC ŠŚŦļĽŧĶŎŦźŎŎŨŵŐŠŹŢŉźŜŗœŚŧşŊũĶ 

ŲŚźŜŎŨŊŦŜŢŗŹŧļŵŐŏŹŖŴŎĶŚŹŢļųŔŖűœŬŹŢĹŜŏĹŭŖŢŭňŠŕŮŖũŲŚťĹŜŧŖĿŬźŎ űŖŬŹŢĹŘŏŢŧŗŭĶŧŘŏŹŖŊŦŜ

ŎŨŵŐŊŘŜĽşŢŏķŎŧŉķŢļŊŦŜŢŗŹŧļ ŲŚźŜŎŨŵŐŌŉşŢŏŴŎűĹŘŬŹŢļĶŉŊŦŜŢŗŹŧļ ųŉŗķŦźŎŊŢŎ 

ĶŧŘűŊŘŪŗŖŊŦŜŢŗŹŧļ ŲŚťĶŧŘŌŉşŢŏŲşŉļŉŦļŕŧœ 56 

şŨŠŘŦŏųŐŘŲĶŘŖĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖ

ŐŮŎŀŪűŖŎŊŽ ŉŦļŊŧŘŧļ 11 ŲŚťųŐŘŲĶŘŖĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎ

őşŖŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ ŉŦļŊŧŘŧļ 12 

 

 

ŕŧœ 55 űĹŘŬŹŢļŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜ 
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(Ķ) (ķ) 

  
(Ĺ) (ļ) 

  
(Ľ) (ľ) 

ŕŧœ 56 ķŦźŎŊŢŎĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ (Ķ) űŊŘŪŗŖşŹŜŎőşŖŊŧŖ

şŦŉşŹŜŎ (ķ) ŌŨĶŧŘőşŖŉźŜŗűĹŘŬŹŢļőşŖ (Ĺ) ķūźŎŘŮŐŴŎųŖŚŌŹŢ PVC (ļ) ŏŹŖŊŦŜŢŗŹŧļŊŧŖ

űŜŚŧŌŪŹĶŨŠŎŉ (Ľ) ŜŦŉķŎŧŉŲŚťĿŦŹļŎźŨŠŎŦĶ (ľ) ŌŨĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎ

űŉŪŹŗŜ 
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ŊŧŘŧļ 11 ųŐŘŲĶŘŖĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ 

ŚŨŉŦŏŌŪŹ ŉŦĿŎŪűŠŚŜ (LI) C/wc ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜ 

ŏŹŖ 7 ŜŦŎ ŏŹŖ 28 ŜŦŎ ŏŹŖ 60 ŜŦŎ 

1 1.0 (78) 0.2 ṉ ṉ ṉ 

2 1.3 (90) ṉ ṉ ṉ 

3 1.6 (103) ṉ ṉ ṉ 

4 1.0 (78) 0.3 ṉ ṉ ṉ 

5 1.3 (90) ṉ ṉ ṉ 

6 1.6 (103) ṉ ṉ ṉ 

7 1.0 (78) 0.4 ṉ ṉ ṉ 

8 1.3 (90) ṉ ṉ ṉ 

9 1.6 (103) ṉ ṉ ṉ  
ŠŖŧŗűŠŊŭ C/wc ĹŬŢ űŐŢŘŽűŀŸŎŊŽŐŮŎŀŪűŖŎŊŽŊŹŢűŐŢŘŽűŀŸŎŊŽŎźŨŴŎŖŜŚŉũŎ ŲŚť ŉŦĿŎŪűŠŚŜ (liquidity index, 

LI) 
 
 

ŊŧŘŧļ 12 ųŐŘŲĶŘŖĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ 

ŚŨŉŦŏ

ŌŪŹ 

ŉŦĿŎŪűŠŚŜ 

(LI) 

B/wc ŢŦŊŘŧşŹŜŎ

űŐŢŘŽűŀŸŎŊŽ 

űŋźŧŚŢŗŊŹŢ 

ĶŧŘŲŌŎŌŪŹ

ŐŮŎŀŪűŖŎŊŽ (FA) 

ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜ 

ŏŹŖ 7 ŜŦŎ ŏŹŖ 28 ŜŦŎ ŏŹŖ 60 ŜŦŎ 

1 1.6 (103) 0.3 0 ṉ ṉ ṉ 

2 15 ṉ ṉ ṉ 

3 30 ṉ ṉ ṉ 

4 45 ṉ ṉ ṉ 

5 60 ṉ ṉ ṉ 

6 0.4 0 ṉ ṉ ṉ 

7 15 ṉ ṉ ṉ 

8 30 ṉ ṉ ṉ 

9 45 ṉ ṉ ṉ 

10 60 ṉ ṉ ṉ  
ŠŖŧŗűŠŊŭ B/wc ĹŬŢ űŐŢŘŽűŀŸŎŊŽŜŦşŉŭőşŖŊŹŢűŐŢŘŽűŀŸŎŊŽŎźŨŴŎŖŜŚŉũŎ, B ĹŬŢőŚŘŜŖŐŘũŖŧň ŐŮŎŀŪűŖŎŊŽ 

(C) ŲŚťűŋźŧŚŢŗ (FA) ŲŚť FA ĹŬŢ űŐŢŘŽűŀŎŊŽűŋźŧŚŢŗ 
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2. ĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ  

ĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ (wetting and drying durability test) 

ŊŧŖŖŧŊŘŅŧŎ ASTM D559 űŐŸŎĶŧŘŌŉşŢŏűœŬŹŢŠŧĹŹŧĶŨŚŦļĶŧŘşŮłűşŪŗķŢļŊŦŜŢŗŹŧļŉũŎŌŪŹőŹŧŎ

şŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ ųŉŗĶŧŘŌŉşŢŏĽťŴĿźŜŦşŉŭ ŢŦŊŘŧşŹŜŎőşŖ ŲŚťųŐŘŲĶŘŖĶŧŘŌŉşŢŏŲŏŏ

űŉŪŗŜĶŦŏĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜ ŲşŉļĿŭŉĶŧŘŌŉşŢŏŉŦļŕŧœ 55 

ļŧŎŜũĽŦŗŎŪźŌŨĶŧŘŌŉşŢŏŉũŎűŠŎŪŗŜŢŹŢŎŌŪŹŐŘŦŏŐŘŭļĹŭňŕŧœŉźŜŗŐŮŎŀŪűŖŎŊŽŲŚť 

űŋźŧŚŢŗ ĽŧĶŊŦŜŢŗŹŧļŌŘļĶŘťŏŢĶŖŪķŎŧŉűşźŎőŹŧŝŮŎŗŽĶŚŧļűŌŹŧĶŦŏ 3.7 űŀŎŊũűŖŊŘ (1 ŎũźŜ) ŲŚť

ĹŜŧŖşŮļűŌŹŧĶŦŏ 7.6 űŀŎŊũűŖŊŘ űŊŘŪŗŖŊŦŜŢŗŹŧļųŉŗŎŨŉũŎűŠŎŪŗŜŢŹŢŎŖŧŢŏŴŠźŲŠźļŲŚźŜŏŉűŐŸŎ

őļŎŨŖŧőşŖĶŦŏŐŮŎŀŪűŖŎŊŽŊŧŖŉźŜŗűŋźŧŚŢŗĹŎŴŠźűķźŧĶŦŎ ŎŨűķźŧűĹŘŬŹŢļőşŖŊŦŜŢŗŹŧļœŘźŢŖĶŦŏ

űŊũŖŎźŨ ŲŚźŜŌŨĶŧŘŠŚŹŢŊŦŜŢŗŹŧļŌŘļĶŘťŏŢĶŴŎŌŹŢ PVC ŠŚŦļĽŧĶŎŦźŎŎŨŵŐŠŹŢŉźŜŗœŚŧşŊũĶ 

ŲŚźŜŎŨŊŦŜŢŗŹŧļŵŐŏŹŖŴŎĶŚŹŢļųŔŖűœŬŹŢĹŜŏĹŭŖŢŭňŠŕŮŖũŲŚťĹŜŧŖĿŬźŎ űŖŬŹŢĹŘŏŢŧŗŭĶŧŘŏŹŖŊŦŜŎŨ

ŊŦŜŢŗŹŧļŢŢĶĽŧĶŌŹŢ PVC ŲŚźŜŎŨŊŦŜŢŗŹŧļŵŐŲĿŹŴŎŎźŨűŐŸŎűŜŚŧ 5 ĿŦŹŜųŖļ ĽŧĶŎŦźŎŎŨŊŦŜŢŗŹŧļŵŐ

ŢŏŌŪŹŢŭňŠŕŮŖũ 71 ŢļŝŧűŀŚűŀŪŗş űŐŸŎűŜŚŧ 42 ĿŦŹŜųŖļ ķŦźŎŊŢŎŎŪźĹŬŢ 1 ŘŢŏşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ 

ŌŨŌŦźļŠŖŉ 6 ŘŢŏ űŚŬŢĶŊŦŜŢŗŹŧļűľœŧťŘŢŏŌŪŹ 1 3 ŲŚť 6 ŵŐŊŘŜĽşŢŏķŎŧŉķŢļŊŦŜŢŗŹŧļ ŲŚźŜ

ŎŨŵŐŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉĶŦŏűĹŘŬŹŢļĶŉŊŦŜŢŗŹŧļ ųŉŗŲőŎķŦźŎŊŢŎĶŧŘŌŉşŢŏŉŦļŕŧœ 57 ŲŚť

ķŦźŎŊŢŎĶŧŘŌŉşŢŏŲşŉļŉŦļŕŧœ 58 şŨŠŘŦŏųŐŘŲĶŘŖĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶ

şŚŦŏŲŠźļķŢļŜŦşŉŭŖŜŚŘŜŖŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ ŲŚť ųŐŘŲĶŘŖĶŧŘŌŉşŢŏ 

ĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļķŢļŜŦşŉŭŖŜŚŘŜŖŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ ŲŚť 

űŋźŧŚŢŗ ŉŦļŲşŉļŴŎŊŧŘŧļ 13 ŲŚť 14 ŊŧŖŚŨŉŦŏ 
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(Ķ) (ķ) 

  
(Ĺ) (ļ) 

  
(Ľ) (ľ) 

ŕŧœ 57 ķŦźŎŊŢŎĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ (Ķ) ķūźŎŘŮŐŊŦŜŢŗŹŧļ

ŴŎŲŏŏŌŹŢ PVC (ķ) ŏŹŖŊŦŜŢŗŹŧļŊŧŖűŜŚŧŌŪŹĶŨŠŎŉ (Ĺ) ŎŨŊŦŜŢŗŹŧļŵŐŲĿŹŎźŨ 5 ĿŖ. (ļ) 

ŎŨŊŦŜŢŗŹŧļŵŐŢŏŲŠźļ 71º ŎŧŎ 42 ĿŖ. (Ľ) ŜŦŉķŎŧŉŲŚťĿŦŹļŎźŨŠŎŦĶ (ľ) ŊŦŜŢŗŹŧļŉźŜŗ

űĹŘŬŹŢļŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜ 
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ŊŧŘŧļ 13 ųŐŘŲĶŘŖĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ  

ŚŨŉŦŏ

ŌŪŹ 

ŉŦĿŎŪűŠŚŜ (LI) C/wc ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜŴŎşŕŧŜťűŐŪŗĶşŚŦŏ

ŲŠźļ 

ŏŹŖ 7 ŜŦŎ ŏŹŖ 28 ŜŦŎ ŏŹŖ 60 ŜŦŎ 

ŘŢŏŌŪŹ ŘŢŏŌŪŹ ŘŢŏŌŪŹ 

1 3 6 1 3 6 1 3 6 

1 1.0 (78) 0.2 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

2 1.3 (90) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

3 1.6 (103) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

4 1.0 (78) 0.3 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

5 1.3 (90) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

6 1.6 (103) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

7 1.0 (78) 0.4 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

8 1.3 (90) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

9 1.6 (103) ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ  
 

 

ŊŧŘŧļ 14 ųŐŘŲĶŘŖĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖŐŮŎŀŪűŖŎŊŽ 

ŲŚťűŋźŧŚŢŗ 

ŚŨŉŦŏ

ŌŪŹ 

ŉŦĿŎŪ

űŠŚŜ 

(LI) 

B/wc ŢŦŊŘŧşŹŜŎ

űŐŢŘŽűŀŸŎŊŽ

űŋźŧŚŢŗŊŹŢ

ĶŧŘŲŌŎŌŪŹ

ŐŮŎŀŪűŖŎŊŽ  

ĶŧŘŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŗŜŴŎşŕŧŜťűŐŪŗĶşŚŦŏ

ŲŠźļ 

ŏŹŖ 7 ŜŦŎ ŏŹŖ 28 ŜŦŎ ŏŹŖ 60 ŜŦŎ 

ŘŢŏŌŪŹ ŘŢŏŌŪŹ ŘŢŏŌŪŹ 

1 3 6 1 3 6 1 3 6 

1 1.6 (103) 0.3 0 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

2 15 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

3 30 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

4 45 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

5 60 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

6 0.4 0 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

7 15 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

8 30 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

9 45 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ 

10 60 ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ ṉ  
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ŕŧœ 36 ķŦźŎŊŢŎĶŧŘŌŉşŢŏĹŜŧŖĹļŌŎŴŎşŕŧŜťűŐŪŗĶşŚŦŏŲŠźļ 

 

3. ĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŉźŜŗŜũōŪŕŧœŋŹŧŗ  

ĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗ (shrinkage test by Image processing) űŐŸŎ

ĶŧŘŌŉşŢŏűœŬŹŢŠŧĶŧŘŠŉŊŦŜķŢļŜŦşŉŭőşŖŌŪŹŖŪĶŧŘűŐŚŪŹŗŎŲŐŚļķŢļœŬźŎőũŜķŢļŊŦŜŢŗŹŧļŴŎ

ŘťŎŧŏşŢļŖũŊũ ŀūŹļĶŧŘŠŉŊŦŜĽťŲŐŘőŦŎŊŧŖŢŧŗŭĶŧŘŏŹŖŊŦŜ ĹŜŧŖĿŬźŎŴŎĶŧŘŏŹŖ ŲŚťŢŭňŠŕŮŖũŴŎ

ĶŧŘŢŏŊŦŜŢŗŹŧļ ŘŜŖŵŐŋūļŐŘũŖŧňŎźŨŌŪŹŖŪŴŎŊŦŜŢŗŹŧļ ŉŦļŎŦźŎĽūļŵŉźĽŦŉŌŨşŊŮŉũųŢŋŹŧŗŘŮŐķŢļ

ŊŦŜŢŗŹŧļŉũŎ (soil studio) 

şŊŮŉũųŢŋŹŧŗŘŮŐķŢļŊŦŜŢŗŹŧļŉũŎŖŧĽŧĶŲŎŜĹũŉķŢļőŮźŜũĽŦŗŌŪŹŊźŢļĶŧŘŋŹŧŗŕŧœŊŦŜŢŗŹŧļŉũŎ

ŴŎųŖŚŲŏŏŒŧŘŮŐŜļĶŚŖ ŀūŹļĶŧŘŋŹŧŗŕŧœŊźŢļŋŹŧŗĽŧĶŉźŧŎŏŎķŢļŊŦŜŢŗŹŧļ ųŉŗŊŦŜŢŗŹŧļŉũŎŊźŢļ

ŢŗŮŹŴŎŊŨŲŠŎŹļűŉũŖķŢļĶŧŘŋŹŧŗŕŧœűşŖŢ ųŉŗşŊŮŉũųŢŋŹŧŗŘŮŐķŢļŊŦŜŢŗŹŧļŉũŎűŘũŹŖĽŧĶĶŧŘŎŨ

ŲőŹŎŵŖźŢŦŉŌŨűŐŸŎųĹŘļŖŪķŎŧŉĹŜŧŖşŮļ 0. űŀŎŊũűŖŊŘ ĶŜźŧļ 2. űŀŎŊũűŖŊŘ ŲŚźŜŌŨĶŧŘűĽŧťŘŮ

űŐŸŎŜļĶŚŖ ĽŧĶŎŦźŎŌŨĶŧŘŊũŉŊŦźļĶŚźŢļ DSLR (digital single lens reflex) ŌŪŹŉźŧŎŏŎķŢļŲőŹŎŵŖź

ŢŦŉ ŊŹŢŖŧŌŨĶŧŘŊũŉŊŦźļŠŚŢŉŵŔ LED (light emitting diode) ĶŦŏŲőŹŎŵŖźŢŦŉŉźŧŎŏŎ ŉŦļŕŧœ 59 

ĽŧĶŎŦźŎŵŉźĶŧŘŌŨŅŧŎŜŧļŊŦŜŢŗŹŧļŉũŎŌŪŹŖŪķŢŏűŐŸŎŖŭŖşŪŹűŠŚŪŹŗŖűœŬŹŢŜŧļŲőŹŎŢťĹŘũŚũĹ ųŉŗŵŉźŌŨ

ŲőŹŎŢťĹŘũŚũĹŘŮŐşŪŹűŠŚŪŹŗŖ ķŎŧŉ 10 x 10 űŀŎŊũűŖŊŘ ŀūŹļŲőŹŎŢťĹŘũŚũĹŉŦļĶŚŹŧŜűĽŧťŘŮŊŘļĶŚŧļ

űŊŘŪŗŖŊŦŜŢŗŹŧļŌŉşŢŏ ŲŚťŌŨĶŧŘķūźŎŘŮŐŊŦŜŢŗŹŧļ 

ŏŹŖŊŦŜŢŗŹŧļŊŧŖŌŪŹĶŨŠŎŉ 7 28 ŲŚť 60 ŜŦŎ 

ŎŨŊŦŜŢŗŹŧļŵŐŲĿŹŎźŨ ŌŪŹŢŭňŠŕŮŖũŠźŢļ ŎŧŎ 5 ĿŦŹŜųŖļ 

ŎŨŊŦŜŢŗŹŧļŵŐŢŏŌŪŹŢŭňŠŕŮŖũ 71C ŎŧŎ 42 ĿŦŹŜųŖļ 

ŎŨŊŦŜŢŗŹŧļŵŐŌŉşŢŏĶŨŚŦļŘŦŏŲŘļŢŦŉŲĶŎűŉŪŹŗŜŴŎŘŢŏŌŪŹ 1 3 ŲŚť 6 

ŌŨĶŧŘŌŉşŢŏŀźŨ 6 ŘŢŏ 



 

 

  79 

ķŎŧŉűŌŹŧųŖŚŲŏŏŒŧŜļĶŚŖűœŬŹŢŴŠźşŧŖŧŘŋŜŧļŊŦŜŢŗŹŧļŌŪŹűŐŸŎŘŮŐŜļĶŚŖŵŉź ŉŦļŕŧœ 60(Ķ) 

ŕŧŗŴŎ soil studio ŵŉźŌŨĶŧŘűŐũŉŵŔŘťŠŜŹŧļĶŧŘŋŹŧŗŕŧœŊŦŜŢŗŹŧļ ųŉŗŲşļŵŔĽťŊĶĶŘťŌŏĶŦŏ

ŊŦŜŢŗŹŧļŉũŎŴŎŲŎŜŊŦźļľŧĶ ŲŚťŖŪĶŧŘŎŨĶŘťŉŧŞŔŘŢŗŉŽŖŧŊũŉŵŜź 3 ŉźŧŎŕŧŗŴŎ soil studio 

űœŬŹŢŴŠźĶŧŘşťŌźŢŎŲşļŵŐŊĶŌŪŹŊŦŜŢŗŹŧļŉũŎŲŚťşŧŖŧŘŋĿŹŜŗŚŏűļŧŵŉź ŀūŹļŊŨŲŠŎŹļĶŚźŢļŉźŧŎŏŎŖŪ

ŘťŗťųŔĶŦşŠŹŧļĽŧĶŊŦŜŢŗŹŧļŉũŎ 20 űŀŎŊũűŖŊŘ ŉŦļŕŧœ 60(ķ) ŕŧŗŎŢĶ soil studio ŵŉźŖŪĶŧŘŌŨ

ųĹŘļŌŹŢ PVC ŌŪŹŖŪķŎŧŉŴŠłŹĶŜŹŧ soil studio ŲŚźŜŴĿźőźŧşŪŉŨĹŚŭŖųĹŘļŌŹŢ PVC űœŬŹŢĹŜŏĹŭŖŲşļ

ŵŖŹŴŠźŲşļŕŧŗŎŢĶűķźŧşŮŹŕŧŗŴŎ ŉŦļŕŧœ 61 şŹŜŎĶŧŘŊŦźļĹŹŧĶŚźŢļ DSLR ŌŨĶŧŘŐŘŦŏųŠŖŉ 

ĶŧŘŋŹŧŗŕŧœűŐŸŎųŠŖŉ M ĹŹŧŘŮŘŦŏŲşļŌŪŹ F20 ISO100 ĹŜŧŖűŘŸŜĿŦŊűŊŢŘŽŢŗŮŹŐŘťŖŧň 1/13 ŊŦźļ

ŘťŏŏŜŦŉŲşļŴŠźűľŚŪŹŗŌŦźļŕŧœ űœŬŹŢŌŨŴŠźŕŧœĹŖĿŦŉŌŪŹşŭŉ ŉŦļŕŧœ 62 

şŨŠŘŦŏĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗļŧŎŴŎŜũĽŦŗŎŪźĽťŴĿźųŖŚŲŏŏŒŧŜļĶŚŖ 

ķŎŧŉűşźŎőŹŧŝŮŎŗŽĶŚŧļ 7 űŀŎŊũűŖŊŘ ŠŎŧ 0.8 űŀŎŊũűŖŊŘ ųŉŗŴŎķŦźŎŊŢŎĶŧŘűŊŘŪŗŖŊŦŜŢŗŹŧļĽť

ŎŨŉũŎűŠŎŪŗŜŢŹŢŎŖŧŢŏŴŠźŲŠźļŲŚźŜŏŉűŐŸŎőļŎŨŖŧőşŖĶŦŏŎźŨ ŐŮŎŀŪűŖŎŊŽ ŲŚťűŋźŧŚŢŗ ŊŧŖ

ųŐŘŲĶŘŖŌŪŹŵŉźŢŢĶŲŏŏŵŜźŉŦļŌŪŹĽťĶŚŹŧŜŊŹŢŵŐ ŲŚźŜŌŨĶŧŘŠŚŹŢŊŦŜŢŗŹŧļŴŎŲŏŏŒŧŜļĶŚŖ  

ŎŨŊŦŜŢŗŹŧļŵŐŋŹŧŗŘŮŐűŘũŹŖŊźŎŴŎ soil studio ŠŚŦļĽŧĶŎŦźŎŎŨŵŐŠŹŢŉźŜŗœŚŧşŊũĶŲŚźŜŎŨŵŐŏŹŖŊŧŖ

ŢŧŗŭŌŪŹŊźŢļĶŧŘŎŨŵŐŌŉşŢŏ ŲŚźŜŎŨŵŐŋŹŧŗŘŮŐŠŚŦļĽŧĶĶŧŘŏŹŖŊŦŜ ŲŚźŜŎŨŊŦŜŢŗŹŧļŵŐŢŏŌŪŹ

ŢŭňŠŕŮŖũ 110±5 ŢļŝŧűŀŚűŀŪŗş űŐŸŎűŜŚŧ 24 ĿŦŹŜųŖļ ŎŨŊŦŜŢŗŹŧļŵŐŋŹŧŗŘŮŐşŭŉŌźŧŗŠŚŦļĽŧĶ 

ĶŧŘŢŏ ųŉŗķŦźŎŊŢŎĶŧŘűŊŘŪŗŖŊŦŜŢŗŹŧļ ŲŚťĶŧŘŌŉşŢŏŲşŉļŉŦļŕŧœ 63 

şŨŠŘŦŏųŐŘŲĶŘŖĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜųŉŗŜũōŪŕŧœŋŹŧŗķŢļŉũŎűŠŎŪŗŜŢŹŢŎőşŖ

ŐŮŎŀŪűŖŎŊŽŲŚťűŋźŧŚŢŗ ŲşŉļŉŦļŊŧŘŧļ 15 
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ŕŧœ 59 şŊŮŉũųŢŋŹŧŗŘŮŐķŢļŊŦŜŢŗŹŧļŉũŎ 

 

  

(Ķ) (ķ) 

ŕŧœ 60 ŘŧŗŚťűŢŪŗŉŕŧŗŴŎ soil studio 
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ŕŧœ 61 ŘŧŗŚťűŢŪŗŉŕŧŗŎŢĶ soil studio 

 

 

ŕŧœ 62 ĶŧŘŊŦźļĹŹŧĶŚźŢļ DSLR 
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(Ķ) (ķ) 

  
(Ĺ) (ļ) 

  
(Ľ) (ľ) 

ŕŧœ 41 ķŦźŎŊŢŎĶŧŘŌŉşŢŏĶŧŘŠŉŊŦŜŴŎşŕŧŜťŐĶŊũ (Ķ) űŊŘŪŗŖşŹŜŎőşŖŊŧŖ

şŦŉşŹŜŎ (ķ) ŌŨĶŧŘőşŖŉźŜŗűĹŘŬŹŢļőşŖ (Ĺ) ķūźŎŘŮŐŊŦŜŢŗŹŧļŴŎŲŏŏŒŧŜļĶŚŖ (ļ) ŏŹŖ

ŊŦŜŢŗŹŧļŊŧŖűŜŚŧŌŪŹĶŨŠŎŉ (Ľ) ŎŨŊŦŜŢŗŹŧļŵŐŢŏŲŠźļ 110±5³ (ľ) ŎŨŊŦŜŢŗŹŧļŵŐ

ŋŹŧŗŘŮŐĶŦŏ soil studio 

 


