











Alkali/ Silica =0.32 Alkali/ Silica =0.37 Alkali/ Silica = 0.15
Calcium/ Silica =0.40 Calcium/ Silica = 0.52 Calcium/ Silica = 2.60

Figure 5.19: SEM/ EDX analysis results: Mortar spens subjected to 1N Sodium hydroxide solution
a) Type | Low alkali cement, 38°C
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Figure 5.19: SEM/ EDX analysis results: Mortar spems subjected to 1N Sodium hydroxide solution
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CHAPTER SIX
SUMMARY AND CONCLUSIONS
6.1 General
This chapter summarizes the results of StandardM\ET1260 tests, Mortar Bar
tests, Titrations, ICP tests, X-ray Diffraction dies and SEM/ EDX analyses. All the
results are correlated to conclude the researttharwith the research objectives. Results
summarized here are in context of mortar bars usisgd silica as reactive aggregate.

6.2 Standard ASTM C 1260, Mortar Bar test

These tests served as the stepping stone to de¢epotential of chloride deicers
to cause alkali silica reaction in concrete undher éffect of variables like temperature
and cement. Findings of these tests can be sunedaaiz follows,

1. Mortar bars using fused silica as aggregate exmghntwe than 0.1% at 14 days in
the standard ASTM C 1260 test

2. Mortar specimens subjected to alkali chloride sohg expanded more than those
subjected to 1N sodium hydroxide solution in thendard ASTM C 1260 test

3. Expansion in mortar bars exposed to blended solutfd.5N sodium hydroxide and
3% Sodium chloride solution was more than mortars lexposed to 1N sodium
hydroxide solution

4. Mortar bars in calcium chloride/ magnesium chlorgtgutions expanded less than

those in sodium- chloride/ potassium chloride sohs
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Expansion in mortar bars exposed to calcium chéosdlution and magnesium
chloride solution were comparable to the expansioserved in mortar bars exposed
to de-ionized water

Expansion of mortar bars was more in potassiumrid@dosolution than in sodium
chloride solution at lower temperature. Howevehigh temperature sodium chloride
caused higher expansion than potassium chloridgisol

Rate of expansion of mortar bars was fairly cortsiarthe test duration in mortar
bars exposed to alkali-chloride solutions

Expansions in mortars bars subject to alkali cdesolution were comparable while
using cements of different alkali contents.

6.3 X-ray Diffraction

This test involved use of specimens prepared By Efplacement of natural sand

with fused silica, Type | Low alkali cement. Theyen® exposed to the solution at a

temperature of 38°C for a period of 160 days. Figdiof this test can be summarized as

follows:

1. Chloroaluminate, also known as Friedel's salt, whesntified in mortar specimens

subjected to sodium chloride, calcium chloride pothssium chloride solution. They
were absent in specimens subjected to de-ionizedrw¥-ray diffraction diagram

also showed peaks of ettringite in all solutions

Distinct peaks of calcium hydroxide were observe&iray diffraction of specimens

subjected to de-ionized water and calcium chlosdkitions. Alkali chlorides react
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2.

with calcium hydroxide to form alkalis, hydroxylns and calcium chloride. Calcium
chloride further reacts with ettringite to form cldaluminates
Intensity of Friedel’'s salt peaks was more intemmsenortar specimens exposed to
potassium chloride solution compared to those eeghts sodium chloride solution.
6.4 Titrations

Findings of this test can be summarized as folJows
Hydroxyl ion concentration in solution filtered fro crushed mortar subjected to
alkali chloride solutions was very low comparedstaution filtered from crushed
mortar subjected to alkali hydroxide solution. Tmeans that ASR effect should be
less in mortar bars exposed to alkali chloridesis Tdontradicts with findings of
Mortar Bar test

6.5SEM/ EDX analysis

Findings of this test can be summarized as follJows
Mortar samples exposed to de-ionized water, calcthioride and magnesium
chloride showed no signs of cracks irrespectiviheftemperature and type of cement
used
ASR gel was observed in and around fused silicaeggdge, in air voids and in
surrounding matrix in case of mortar bars subjectedalkali chloride/ alkali
hydroxide solutions. Cement matrix showed significaumber of micro-cracks

resulting from ASR damage and probably also shgek@during sample preparation.
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6.6 Influence of selected factors

1. Effect of Aggregate

Standard ASTM C 1260 results confirm that fusddtasiis a highly reactive
aggregate. This is supported by the fact that esiparproduced by fused silica bearing
mortar bars is very high compared to expansionywred by natural sand bearing mortar
bars under all conditions
2. Effect of Temperature

Standard ASTM C 1260 and Mortar Bar test resuftsws that mortar bars
exposed to alkali chloride/ alkali hydroxide sotus at 80°C expand more than those
exposed to similar solutions at 38°C
3. Effect of Type of Cement

Figure (5.9) shows that cement type seems to liteanfluence on expansion of
mortar specimens subjected to external alkali sniat

6.7 Conclusion

1. Effect of Chloride deicers on Alkali silica reactio

Sodium chloride and potassium chloride acceleA8& in concrete. Calcium
chloride and magnesium chloride seem to cause minkBR effect. Typically alkali
silica gel is rich in alkalis and silica. Increasecalcium concentration in the gel leads to
the formation of a non-swelling gel. This is sugpdrby findings from Standard ASTM
C 1260, Mortar bar test and SEM/EDX analysis resulPotassium ions accelerate the

ASR reaction in comparison to sodium ions at loteenperatures.
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SEM/EDX results show that calcium concentrationAiBR gel increases with
distance from aggregate. During the ASR reactiomesof the gel migrates to the matrix
surrounding the aggregate. This gel on coming imtam with cement hydration products
becomes rich in calcium. This gel further propagdle ASR reaction by increasing the
alkali availability to more reaction sites.

Expansion results imply that chlorides play an ant@nt role in accelerating the
ASR reaction. Chloride ions by itself do not contite to the expansive effect. This can
be concluded based on the fact that sodium chl@adses more expansion than calcium
chloride solution.

2. Alkali silica reaction caused by chloride deicers

Mortar bar test results show that alkali chloridasise ASR. SEM/EDX analysis
results of mortar specimens subject to alkali egdsolutions show chlorides dispersed
in the cement matrix. This suggests the interaatiochloride ions with cement hydration
products to form chloroaluminates. Presence ofroalaminates in such specimens was
confirmed by X-ray diffraction results.

Alkali chlorides react with calcium hydroxide torin alkali hydroxides and
calcium chloride. Calcium chloride reacts with iegite to form Friedel's salt or
chloroaluminates where the sulfate ions are redlalbg chloride ions. Thus, the
formation of Friedel's salt releases the alkaligl &ydroxyl ions into the system. They
further react with reactive silica to form alkallica gel. Low intensity peaks of
chloroaluminates in X-ray diffraction results suggthat the transformation of ettringite

to Friedel's salt is a timely process.
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3. Effect of Temperature

ASR is accelerated at higher temperature in poeseri alkali chlorides. The
effect is confirmed by expansion results and visusphection
4. Effect of type of cement

Type of cement does not have much influence ommsipn results, particularly
in case of presence of external alkalis. Althougihfalkali cement based mortar bars
show higher alkali/silica ratio in ASR gel
5. Effect of type of aggregate

Mortar bars with fused silica (a reactive aggreyaikpand more than mortar bars
with natural sand (a non-reactive aggregate).

The knowledge acquired by this research can hatibbsh better and effective
conditions to form a more reliable and acceleraleztnate test method.

6.8 Recommendations for future work

Expansion results for mortar specimens subjeabedetionized water, calcium
chloride and magnesium chloride are more at 384D tht 80°C. This contradicts with
expansive behavior in mortar specimens subjectikaliachloride solutions. It can be
hypothesized that the low expansion at 80°C istdube reduced alkali/ silica ratio. At
higher temperature the calcium ions may have dfiusster to the reaction sites leading
to reduced expansion. This aspect needs furthdy stuarrive at a conclusion.

ICP test and Titration results do not show anycgjgetrend to arrive at a
conclusion. They are not conclusive enough and feéaer investigation.

Expansion tests need to be carried out usinglagegegate like Spratt.
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Appendix A:

LENGTH CHANGE OF MORTAR BARS

Table A.1 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to de-ionized water at 38°C

Days S-LC at 38C FS-LC at 38C S-HC at 38°C FS-HC at 38°C

Exp. Std. Exp. Std. Exp. Std. EXxp. Std.
(%) Dev. (%) Dev. (%) Dev. (%) Dev.
0.00f 0.000f 0.00| 0.000f 0.00f 0.000( 0.00] 0.000

0.00f 0.002f 0.03] 0.003] 0.00] 0.000f 0.10] 0.001

N |[Ww|O

0.00f 0.002f 0.07]f 0.005f 0.01] 0.001] 0.20| 0.003

10 0.00/ 0.001] 0.08] 0.005| 0.01] 0.000f 0.23] 0.008

14 0.00f 0.001] 0.08]{ 0.004] 0.01] 0.000f 0.24] 0.011

21 0.00f 0.001f 0.08] 0.005( 0.01] 0.000f 0.24| 0.013

28 0.00/ 0.001] 0.08]{ 0.005| 0.01] 0.001] 0.24] 0.013

35 0.00f 0.002f 0.08] 0.006f 0.01] 0.001] 0.25| 0.012

42 0.00/ 0.004, 0.08{ 0.001] 0.01] 0.001 0.25] 0.013

49 0.00f 0.004f 0.08] 0.000f 0.01] 0.004] 0.25| 0.013

56 0.00f 0.004f 0.08] 0.003] 0.01] 0.002] 0.25| 0.013

63 0.00/ 0.002] 0.08/ 0.006] 0.01] 0.001|] 0.24] 0.013

70 0.00/, 0.003] 0.08]{ 0.007f 0.01] 0.001] 0.24] 0.013

77 0.01] 0.002f 0.08] 0.007f 0.01] 0.001] 0.25| 0.011

84 0.01] 0.001f 0.09| 0.006f 0.02] 0.004] 0.25| 0.011

91 0.01, 0.001] 0.09| 0.006]f 0.02 0.001] 0.25] 0.013

98 0.01] 0.001f 0.08] 0.009f 0.01] 0.001] 0.25| 0.019

105 0.01] 0.003f 0.08] 0.006f 0.02] 0.001] 0.25| 0.013

112 0.01, 0.006/f 0.08/ 0.008] 0.01] 0.001] 0.25] 0.015

119] 0.00] 0.005f 0.08] 0.008) 0.01] 0.001f 0.24| 0.015

126 0.00f 0.002f 0.08] 0.008f 0.01] 0.001] 0.26)| 0.013

133] 0.00] 0.003f 0.07] 0.007) 0.01] 0.001f 0.25| 0.016

140| 0.00; 0.002f 0.08] 0.007) 0.02] 0.001f 0.25| 0.016

147 0.00f 0.009( 0.07f 0.007f 0.01] 0.008] 0.25| 0.017

154 0.01] 0.008f 0.08] 0.006f 0.02] 0.001] 0.26| 0.005

161 0.01] 0.004f 0.08] 0.012f 0.02] 0.000f 0.26| 0.013




Table A.2 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Sodium chloride solution
at 38°C

Days S-LC at 38C FS-LC at 38C S-HC at 38°C FS-HC at 38°Q

Exp. Std. Exp. Std. EXxp. Std. EXxp. Std.
(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.
0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

0.01| 0.001 0.05| 0.004 0.01] 0.002 0.12| 0.004

~N (WO

0.01] 0.006 0.12] 0.004 0.01] 0.002 0.31] 0.008

10 0.01] 0.006 0.20] 0.007 0.01] 0.002 0.31] 0.008

14 0.01] 0.004 0.23] 0.007 0.02| 0.005 0.39] 0.021

21 0.00| 0.005 0.39| 0.014 0.00| 0.003 0.50| 0.010

28 0.04| 0.060 0.50| 0.013 0.02| 0.002 0.61| 0.010

35 0.01| 0.005 0.64| 0.029 0.02| 0.004 0.74| 0.021

42 0.01] 0.006 0.76] 0.017 0.02] 0.002 0.85] 0.013

49 0.01] 0.006 0.86] 0.032 0.02| 0.003 0.94| 0.005

56 0.01| 0.005 1.00| 0.022 0.02| 0.001 1.10] 0.019

63 0.01| 0.006 1.10| 0.039 0.03| 0.001 1.18| 0.020

70 0.01| 0.005 1.20| 0.031 0.03| 0.002 1.26]| 0.018

77 0.01] 0.007 1.30| 0.036 0.03| 0.001 1.36| 0.019

84 0.01] 0.007 1.38| 0.043 0.03| 0.002 1.45| 0.019

91 0.01] 0.006 1.48| 0.044 0.03| 0.002 1.54| 0.018

98 0.01| 0.015 1.58| 0.042 0.03| 0.000 1.63| 0.021

105 0.02| 0.015 1.68| 0.045 0.03| 0.000 1.72] 0.023

112 0.01| 0.015 1.78| 0.042 0.03| 0.001 1.82] 0.025

119 0.00] 0.013 1.89| 0.043 0.03| 0.000 1.92| 0.030

126 0.01] 0.008 1.98| 0.059 0.03| 0.003 1.97| 0.074

133 0.01] 0.006 2.04| 0.037 0.03| 0.002 2.03] 0.032

140 0.01| 0.006 2.13| 0.046 0.03| 0.001 2.13| 0.039
147 0.01| 0.008 2.21] 0.074 0.04| 0.004 2.21] 0.069




Table A.3 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Calcium chloride solution
at 38°C

Days S-LC at 38C FS-LC at 38C S-HC at 38°C FS-HC at 38°C
Exp. Std. Std. | Exp. Std. | Exp. Std.
(%) Dev. | Exp. (%)| Dev. | (%) Dev. | (%) Dev.

0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

0.01| 0.004 0.04| 0.003 0.01]| 0.001 0.08| 0.023

0.01| 0.004 0.06| 0.004 0.01| 0.001 0.17| 0.005
10 0.01| 0.002 0.06| 0.004 0.02| 0.000 0.18| 0.005
14 0.01| 0.002 0.05| 0.006 0.01| 0.001 0.18| 0.005
21 0.01| 0.006 0.06| 0.003 0.02| 0.001 0.19| 0.004
28 0.01| 0.006 0.06| 0.003 0.02| 0.001 0.19| 0.004
35 0.01| 0.006 0.06| 0.003 0.02| 0.001 0.19| 0.004
42 0.02| 0.005 0.07| 0.003 0.03| 0.001 0.20| 0.005
49 0.01| 0.005 0.06| 0.003 0.03| 0.001 0.20| 0.004
56 0.02| 0.006 0.06| 0.003 0.03| 0.001 0.20| 0.004

~N|w (O

63 0.01] 0.006 0.06| 0.003 0.03] 0.000 0.20] 0.004

70 0.01| 0.003 0.07| 0.003 0.03| 0.000 0.20| 0.005
77 0.01| 0.002 0.07| 0.004 0.03| 0.001 0.20| 0.006
84 0.01| 0.059 0.06| 0.004 0.03| 0.001 0.20| 0.007
91 0.01| 0.011 0.07| 0.004 0.03| 0.001 0.20| 0.000
98 0.01| 0.002 0.07| 0.004 0.03| 0.001 0.20| 0.006

105 0.02] 0.002 0.07| 0.003 0.04| 0.000 0.21] 0.008

112 0.02] 0.012 0.06| 0.004 0.04| 0.002 0.20] 0.001

119 0.01] 0.000 0.06| 0.003 0.03] 0.001 0.20] 0.023

126 0.01| 0.001 0.07| 0.001 0.04| 0.002 0.20| 0.006
133 0.01| 0.003 0.07| 0.004 0.04| 0.001 0.21| 0.004
140 0.02| 0.000 0.07| 0.003 0.04| 0.001 0.21| 0.004
147 0.01| 0.006 0.07| 0.001 0.04| 0.003 0.20| 0.004
154 0.02| 0.002 0.07| 0.059 0.04| 0.004 0.21| 0.006

161 0.02| 0.000 0.07| 0.001 0.04| 0.003 0.21] 0.004




Table A.4 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sgbgel to 3% Potassium chloride
solution at 38°C

Days S-LC at 38C FS-LC at 38C S-HC at 38°C FS-HC at 38°C

Std. Std. Std. Std.
Exp. (%)| Dev. | Exp. (%)| Dev. | Exp. (%)| Dev. | Exp. (%)| Dev.
0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000
0.00| 0.001 0.05| 0.003 0.01| 0.000 0.11] 0.003
0.01] 0.001 0.18| 0.005 0.01| 0.000 0.26| 0.001
10 0.01| 0.000 0.26| 0.006 0.02| 0.001 0.34| 0.009

N W |Oo

14 0.01] 0.001 0.38] 0.009 0.02] 0.000 0.44| 0.011

21 0.01] 0.001 0.57] 0.010 0.02] 0.000 0.61| 0.013

28 0.02| 0.001 0.70| 0.006 0.02| 0.001 0.73] 0.017
35 0.02| 0.001 0.83| 0.015 0.02| 0.001 0.86| 0.007
42 0.02| 0.001 0.96| 0.008 0.03| 0.000 0.99| 0.010
49 0.02| 0.001 1.08| 0.013 0.03| 0.001 1.09| 0.005
56 0.02]| 0.003 1.21] 0.044 0.03]| 0.001 1.18| 0.006

63 0.01] 0.004 1.36| 0.049 0.02] 0.001 1.32| 0.008

70 0.01] 0.004 1.44| 0.038 0.03] 0.001 1.39] 0.021

77 0.02] 0.001 1.55| 0.030 0.03] 0.000 1.48] 0.015

84 0.02] 0.001 1.69| 0.034 0.03| 0.000 1.62| 0.023

91 0.02| 0.001 1.84| 0.044 0.03| 0.001 1.73] 0.020

98 0.02| 0.001 1.94| 0.055 0.03| 0.001 1.83] 0.015

105 0.02| 0.003 2.02| 0.033 0.03| 0.001 1.94| 0.026

112 0.02| 0.003 2.18| 0.030 0.03| 0.002 2.08| 0.009

119 0.02] 0.004 2.27| 0.016 0.03] 0.000 2.16| 0.009

126 0.02] 0.001 2.36| 0.018 0.04| 0.001 2.25| 0.010

133 0.01] 0.002 2.45| 0.034 0.03] 0.002 2.34| 0.005

140 0.03] 0.001 2.60| 0.027 0.04| 0.001 2.43| 0.028

147 0.02| 0.001 2.60| 0.000 0.03| 0.001 2.49| 0.000

154 0.02| 0.004 2.67| 0.000 0.04| 0.005 2.55| 0.002

161 0.01] 0.001 2.76| 0.000 0.03] 0.001 2.64| 0.000




Table A.5 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sgbgel to 1N Sodium hydroxide
solution at 38°C

Days S-LC at 38°C FS-LC at 38°C S-HC at 38°C FS&t3G8°C

Exp. Std. | Exp. Std. | Exp. Std. | Exp. Std.
(%) Dev. [ (%) Dev. | (%) Dev. | (%) Dev.
0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

0.00| 0.001 0.12] 0.024 0.00| 0.000 0.13] 0.004

N (W | O

0.00| 0.001 0.32] 0.027 0.01] 0.000 0.33| 0.008
10 0.00| 0.001 0.39| 0.028 0.01| 0.001 0.40| 0.008
14 0.00| 0.001 0.51| 0.026 0.01| 0.000 0.51| 0.008
21 0.00| 0.001 0.71| 0.022 0.01| 0.001 0.70| 0.014
28 0.00| 0.001 0.82| 0.021 0.01| 0.002 0.80| 0.018

35 0.04| 0.053 0.94| 0.022 0.01| 0.002 0.90| 0.020

42 0.01] 0.001 1.01| 0.026 0.01| 0.002 0.96| 0.025

49 0.00| 0.007 1.08| 0.031 0.02| 0.001 1.02| 0.025

56 0.01| 0.000 1.13| 0.034 0.00] 0.002 1.06| 0.027

63 0.01| 0.001 1.21| 0.038 0.02] 0.001 1.14| 0.026

70 0.01| 0.003 1.26| 0.040 0.02] 0.002 1.18| 0.027

77 0.01| 0.001 1.31| 0.045 0.02] 0.002 1.23| 0.031

84 0.01| 0.001 1.37| 0.044 0.02] 0.001 1.29| 0.029

91 0.00| 0.001 1.41| 0.048 0.02| 0.002 1.32| 0.038

98 0.01]| 0.003 1.44| 0.049 0.01| 0.001 1.35| 0.035

105 0.01] 0.001 1.49| 0.052 0.02| 0.002 1.40| 0.036

112 0.01] 0.001 1.53| 0.055 0.02| 0.001 1.44| 0.037

119 0.00| 0.001 1.56| 0.057 0.02| 0.001 1.46| 0.035

126 0.00| 0.001 1.58| 0.059 0.01| 0.002 1.49| 0.037

133 0.00| 0.003 1.61| 0.060 0.02| 0.006 1.52| 0.038

140 0.01| 0.002 1.66| 0.064 0.02] 0.002 1.56| 0.036

147 0.00| 0.004 1.68| 0.063 0.01] 0.001 1.58| 0.038

154 0.00| 0.003 1.71| 0.065 0.02] 0.002 1.61| 0.040

161 0.00| 0.004 1.74| 0.066 0.02] 0.003 1.63| 0.037




Table A.6 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 0.5N Sodium hydroxide and 3
% Sodium chloride blended solution at 38°C

Days S-LC at 38°C FS-LC at 38°C S-HC at 38°C FS&38°C

Exp. Std. | Exp. Std. | Exp. Std. | Exp. Std.
(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.
0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

0.00| 0.002 0.10| 0.001 0.00| 0.002 0.15| 0.007

~N (W (O

0.01] 0.001 0.26] 0.009 0.01] 0.002 0.31] 0.011

10 0.01| 0.001 0.40| 0.011 0.01| 0.004 0.45| 0.017

14 0.01] 0.005 0.52| 0.016 0.01] 0.005 0.56| 0.019

21 0.00| 0.008 0.77] 0.028 0.01] 0.012 0.80] 0.020

28 0.01| 0.005 0.93| 0.035 0.01| 0.012 0.94| 0.021

35 0.00| 0.006 1.10| 0.036 0.01] 0.012 1.09| 0.019

42 0.00| 0.010 1.35]| 0.036 0.01| 0.010 1.31] 0.027

49 0.00| 0.012 1.49| 0.032 0.01| 0.010 1.42| 0.026

56 0.00| 0.000 1.55| 0.000 0.01] 0.000 1.47| 0.000

63 0.01] 0.000 1.62| 0.034 0.01| 0.010 1.52| 0.022

70 0.01| 0.004 1.73] 0.034 0.02| 0.010 1.62| 0.027

77 0.01] 0.006 1.86| 0.039 0.02] 0.008 1.73| 0.030

84 0.01| 0.007 1.93] 0.034 0.02| 0.011 1.80] 0.030

91 0.01| 0.003 1.98| 0.026 0.02| 0.008 1.86] 0.029

98 0.01] 0.003 2.02] 0.081 0.02] 0.014 1.93| 0.033

105 0.01| 0.004 2.15| 0.033 0.01| 0.009 1.99| 0.037

112 0.02| 0.002 2.24| 0.028 0.02| 0.010 2.06| 0.036

119 0.00] 0.004 2.28| 0.032 0.01] 0.012 2.09| 0.037

126 0.01| 0.002 2.36| 0.031 0.02| 0.009 2.15| 0.035

133 0.01| 0.012 2.41| 0.030 0.02| 0.017 2.19| 0.038

140 0.01] 0.009 2.47| 0.034 0.00] 0.010 2.24| 0.039

147 0.00| 0.012 2.55| 0.027 0.01| 0.010 2.30| 0.037

154 0.01| 0.008 2.60| 0.034 0.02| 0.010 2.36| 0.039

161 0.00| 0.007 2.62| 0.000 0.01] 0.010 2.39| 0.039




Table A.7 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Magnesium chloride
solution at 38°C

Days S-LC at 38 FS-LC at 38C S-HC at 38°C FS-HC at 38°Q

Exp. Std. Exp. Std. Exp. Std. Exp. Std.
(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.

0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

0.00| 0.003 0.03] 0.001 0.00| 0.121 0.07| 0.002

~N|w (o

0.01] 0.005 0.05] 0.007 0.01] 0.005 0.12] 0.001

10 0.00| 0.004 0.05| 0.006 0.00| 0.004 0.13| 0.002

14 0.01] 0.008 0.05| 0.005 0.01] 0.007 0.13] 0.002

21 0.01] 0.010 0.04] 0.005 0.00] 0.006 0.13] 0.004

28 0.00] 0.005 0.05] 0.010 0.00] 0.007 0.13] 0.002

35 0.00| 0.005 0.05| 0.003 0.01| 0.006 0.13| 0.001

42 0.00] 0.006 0.04] 0.005 0.01] 0.013 0.13] 0.004

49 0.00| 0.005 0.05| 0.005 0.01| 0.008 0.14| 0.006

56 0.01| 0.002 0.04| 0.004 0.01| 0.008 0.14| 0.003

63 0.02] 0.005 0.05] 0.003 0.02] 0.009 0.15] 0.002

70 0.02| 0.002 0.05| 0.004 0.02| 0.008 0.15| 0.003

77 0.02| 0.003 0.05| 0.004 0.02| 0.006 0.15| 0.004

84 0.02] 0.004 0.06| 0.004 0.03] 0.008 0.15] 0.003

91 0.02| 0.006 0.05| 0.003 0.03| 0.010 0.16| 0.004

98 0.02| 0.005 0.05| 0.004 0.02| 0.007 0.15| 0.004

105 0.02] 0.005 0.06| 0.004 0.03] 0.008 0.15] 0.001

112 0.02| 0.003 0.06| 0.004 0.03| 0.008 0.16| 0.002

119 0.02| 0.005 0.06| 0.007 0.03| 0.008 0.16| 0.003

126 0.02| 0.005 0.06| 0.003 0.03| 0.007 0.16| 0.002
133 0.02] 0.003 0.06| 0.004 0.04| 0.012 0.16] 0.005




Table A.8 Expansion results of mortar bars usirtgnahsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to de-ionized water at 80°C

)

Days | S-LC at80C FS-LC at 80°C S-HC at 80°C FS-HCat 80°¢
Exp. | Std. Exp. Std. Exp. Std. EXxp. Std.
(%) Dev. (%) Dev. (%) Dev. (%) Dev.
0 0.00| 0.000f 0.00f 0.000 0.00 0.000f 0.00f 0.000
3 0.00| 0.001f 0.00/ 0.002 0.00 0.001] 0.02] 0.002
7 0.00| 0.002f 0.01| 0.001 0.01 0.001] 0.03] 0.001
10( 0.00f 0.001] 0.01] 0.001 0.01 0.000/ 0.03] 0.001
14( 0.00/ 0.001] 0.01] 0.003 0.01 0.000/ 0.03] 0.001
21| 0.00] 0.001] 0.01] 0.001 0.01 0.001f 0.03| 0.002
28| 0.00/ 0.001| 0.01] 0.001 0.01 0.000f 0.03| 0.002

Table A.9 Expansion results of mortar bars usirtgnagsand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement subgel to 3% Sodium chloride solution

at 80°C

Days S-LC at 8TC FS-LC at 80°C S-HC at 80°C FS-HCat 80°

Exp. Std. Exp. Std. EXp. Std. EXxp. Std.

(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.
0 0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000
3 0.01| 0.008 0.46| 0.036 0.01| 0.007 0.47| 0.021
7 0.01| 0.009 0.83| 0.051 0.01| 0.008 0.59| 0.025
10 0.01| 0.004 1.11| 0.067 0.02| 0.006 0.75| 0.023
14 0.01| 0.010 1.42| 0.066 0.02| 0.006 1.00| 0.021
21 0.00| 0.008 1.95| 0.087 0.01| 0.003 1.39| 0.035
28 0.01| 0.008 0.02| 0.006 1.68| 0.036




Table A.10 Expansion results of mortar bars usiatgiral sand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Calcium chloride solution

at 80°C

Days S-LC at 80C FS-LC at 80°C S-HC at 80°C FS-HCat 80°C

Exp. Std. Std. Std. | Exp. Std.

(%) Dev. | Exp. (%)| Dev. | Exp. (%)| Dev. | (%) Dev.

0 0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

3 0.02| 0.002 0.02| 0.005 0.01| 0.002 0.03| 0.002

7 0.01| 0.002 0.01| 0.002 0.01| 0.006 0.03| 0.002

10 0.02| 0.001 0.02| 0.001 0.01| 0.007 0.04| 0.001
14 0.02| 0.005 0.02| 0.001 0.01| 0.005 0.04| 0.004
21 0.02| 0.001 0.02| 0.003 0.02| 0.006 0.04| 0.002
28 0.02| 0.001 0.02| 0.002 0.02| 0.006 0.04| 0.001

Table A.11 Expansion results of mortar bars usistgiral sand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Potassium chloride
solution at 80°C

I~
-

Days S-LC at 80C FS-LC at 80°C S-HC at 80°C FS-HCat 80°
Std. Std. Std. Std.
Exp. (%)| Dev. | Exp. (%) | Dev. | Exp. (%) Dev. | Exp. (%)| Dev.
0 0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000
3 0.01| 0.001 0.17| 0.004 0.01] 0.003 0.24] 0.013
7 0.02| 0.002 0.39| 0.012 0.02| 0.002 0.41] 0.018
10 0.02| 0.001 0.51] 0.015 0.02| 0.006 0.51] 0.018
14 0.02| 0.001 0.70| 0.007 0.02| 0.002 0.67| 0.034
21 0.02| 0.001 0.93| 0.007 0.02| 0.008 0.91] 0.022
28 0.02| 0.001 1.08| 0.020 0.03| 0.008 1.06| 0.021
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Table A.12 Expansion results of mortar bars usiatgiral sand/ (50% fused silica+ 50%

natural sand), Type | Low/ High alkali cement sabgel to 1N Sodium hydroxide
solution at 80°C

Days S-LC at 80°C FS-LC at 80°( S-HC at 80°C FS&i80°C
Exp. Std. | Exp. Std. | Exp. Std. | Exp. Std.
(%) Dev. [ (%) Dev. | (%) Dev. | (%) Dev.

0 0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

3 0.01] 0.001 0.53| 0.012 0.01] 0.002 0.46| 0.012

7 0.02| 0.001 0.93| 0.011 0.02| 0.003 0.85| 0.033

10 0.02| 0.001 1.04| 0.006 0.03| 0.004 0.97| 0.028

14 0.03| 0.001 1.18| 0.008 0.04| 0.003 1.15| 0.048

21 0.04| 0.005 1.37| 0.011 0.06| 0.003 1.38| 0.046

28 0.05| 0.005 1.56| 0.122 0.08| 0.002 1.51| 0.057

Table A.13 Expansion results of mortar bars usiatgiral sand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 0.5N Sodium hydroxide and

3 % Sodium chloride blended solution at 80°C

Days S-LC at 80°C FS-LC at 80°( S-HC at 80°C FS&i80°C
Exp. Std. | Exp. Std. | Exp. Std. | Exp. Std.
(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.

0 0.00| 0.000 0.00| 0.000 0.00| 0.000 0.00| 0.000

3 0.00| 0.000 0.59| 0.040 0.02| 0.003 0.53| 0.012

7 0.00| 0.001 0.90| 0.057 0.03| 0.003 0.78| 0.016

10 0.00| 0.006 1.09| 0.060 0.03| 0.002 0.99| 0.021

14 0.00| 0.001 1.22| 0.055 0.03| 0.003 1.13| 0.020

21 0.01| 0.006 1.47| 0.055 0.04| 0.002 1.42| 0.037

28 0.01| 0.005 1.55| 0.063 0.06| 0.028 1.54| 0.028
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Table A.14 Expansion results of mortar bars usistgiral sand/ (50% fused silica+ 50%
natural sand), Type | Low/ High alkali cement sabgel to 3% Magnesium chloride
solution at 80°C

Days | S-LC at80C FS-LC at 80°C S-HC at 80°C FS-HC at 80°C

Exp. Std. Exp. Std. Exp. Std. Exp. Std.
(%) Dev. | (%) Dev. | (%) Dev. | (%) Dev.

0.00] 0.000 0.00] 0.000 0.00] 0.000 0.00] 0.000

0.02| 0.007 0.02| 0.009 0.01| 0.002 0.04| 0.001

N (Ww | O

0.02] 0.002 0.02] 0.008 0.02] 0.002 0.05| 0.004

10 0.02] 0.004 0.02] 0.008 0.02] 0.001 0.05] 0.001

14 0.03| 0.003 0.02| 0.006 0.02| 0.001 0.04| 0.002

21 0.02] 0.002 0.01] 0.004 0.02] 0.002 0.04| 0.002

28 0.02| 0.004 0.01| 0.006 0.02| 0.001 0.04| 0.002
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Table A.15 ICP Test Results

Note: Concentration of solution is in millimoles/li
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De-ionized water 3% NaCl 3% CaCl 3% KCI
Water Water Water Water
soluble soluble soluble soluble
Std. solution hydroxides | Std. solutionhydroxides | Std. solutionhydroxides | Std. solutionhydroxides
Na 62.04 67.83 548.04 557.14 68.56 68.99 67.43 68.46
K 10.21 16.61 11.01 17.35 11.68 16.99 426.79 418.67
Ca 0.00 16.28 0.00 19.59 267.33 260.65 0.00 19.60
Mg 0.00 0.06 0.00 0.00 1.08 0.12 0.00 0.01
SO, 3.067 3.416 3.105 3.727 3.486 3.438 3.401 3.662
Cl 23.05 25.69 521.41 528.08 549.03 517.26 426.42 416.42
1N NaOH 0.5N NaOH+ 3% NacCl 3% MgCI2
Water Water Water
soluble soluble soluble
Std. solution | hydroxides Std. solution] hydroxides Std. solution hydroxides
Na 965.09 707.70 981.59 979.48 67.54 71.19
K 10.75 17.46 10.81 17.76 11.92 17.92
Ca 0.00 0.43 0.00 0.68 5.01 147.97
Mg 0.00 0.00 0.13 0.03 143.83 0.01
SO, 2.964 5.348 2.907 5.556 3.142 3.340
Cl 24.52 26.91 513.43 527.17 321.37 301.71
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