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Abstract: Alkali-silica reaction (ASR) is a major concrete durability problem. The occurrence of ASR can result
in premature deterioration of concrete structures and pavements, significant maintenance and reconstruction
costs to concrete infrastructures all over the world. Ever since Stanton (1) discovered the expansive
characteristics of ASR in 1940, ASR has remained a subject of much research and discussion because of the
necessity of employing marginal aggregates in many areas, as well as the limited availability of low alkali
cement, class F fly ash, slag, and lithium based concrete admixtures. The ASR mitigating effects of soluble
Ca?* ions were investigated using three different test methods: (a) ASTM C1567 (2), (b) ASTM C1567 with
additional Ca?* buffering in a soak solution, and (c) a single mortar bar in a sealed pipe with 10 ml H,O + NaOH
(different amounts). The results indicate that soluble Ca?* ions might effectively mitigate the expansion due to
the ASR. An alternative ASR mitigating chemical admixture option based on these findings will be presented.
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Introduction

The role of calcium ions in ASR have been investigated and debated for many years. Powers and Steinour
(3) suggested that ASR gel with a low-calcium content was expansive, while ASR gel with a high-calcium
content was not expansive. Hudec and Banahene (4) indicated that calcium ions mitigated ASR. Concrete
with some free calcium ions in pore solution did not expand as much as one without. Conversely, many studies
(5-7) suggested that calcium ions are vital for deleterious ASR expansion to occur. Without calcium ions, silica
dissolves by OH- and remains in solution (8). The effect of calcium nitrate on ASR has been extensively studied
(9). Based on a modified ASTM C441 test method (10), Oey et al. demonstrated that calcium nitrate reduced
ASR-induced expansion, and the authors contributed this ASR mitigation to the hindering of silicate dissolution
by the calcium ions. Recently Kaladharan et al. (11) conducted an exhausted study with a repertoire of 172
salts which included 46 calcium salts. By using ASTM C1293 (12), Kaladharan et al. exhibited that calcium
nitrate reduced ASR-induced expansion, and the authors contributed this ASR mitigation to the reduction of
pH in the pore solution by the addition of the calcium ions.

Using the ASTM C1567 test method, the effects of both calcium nitrate (Ca(NO3),) and calcium nitrite
(Ca(NO,)2) on ASR expansions were studied (13). Mortar with pessimum amount of reactive aggregate (25%
borosilicate) was used in the study. Calcium salt solutions were compared at five dosages: 0.6, 1.2, 1.8, 2.4,
and 3.0 N of the initial mixing water. Fig. 1 compares the ASR mitigating effects of Ca(NOj3), and Ca(NO,), at
14-day expansion as a function of additive normality of initial mixing water. The effectiveness of ASR mitigation
with Ca(NO3), and Ca(NO.), are almost identical. With the addition of 3N of Ca?*, the 14-day expansion was
reduced from 0.8% to 0.3%, which is much higher than the 0.1% limit for non-ASR. By using the ASTM C1567
test method, both Ca(NO3;), and Ca(NO,), might not be considered as potential ASR mitigating options.

According to ASTM C1567, the volume proportion of 1N sodium hydroxide soak solution to mortar bars in a
storage container shall be 4 + 0.5 volumes of solution to 1 volume of mortar bars. When Ca(NO3),) or Ca(NO,),
was used, the soluble Ca?* ion would leach out of the mortar bar into the soak solution and reduce the ASR
mitigating effect. To better understand the ASR mitigating effect of soluble Ca?* ion, a new ASR expansion
test method has been developed (14) to address the leaching issue associated with immersion of treated
mortar bars in a soak solution. The main differences between the new test method and the ASTM C1567 test
method are the storage conditions for the mortar bars. To prevent the soluble Ca?* ions from leaching out of
the mortar bar, an individual mortar bar is stored in a sealed pipe instead of being immersed in 1N NaOH
solution, as shown in Fig. 2. This new method is referred to as the “ Pipe Method”. The sealed pipe is
constructed from CPVC pipe with a glued cap at one end and a mechanical pipe plug at the other end. The
mechanical pipe plug is removable, can be easily opened during testing. To maintain 100% relative humidity,



10 mL of water is injected into the pipe after each reading. The pipe containing the mortar bar is stored at 80
°C, which is the same storage temperature specified in ASTM C1567. To accelerate ASR, the alkali content
of the system was increased by adding NaOH in the mixing water during the mortar bar preparation, instead
of continuous exposure to a 1N NaOH soak solution as described in ASTM C1567.
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Fig. 1. The comparison of ASR mitigating effects of Ca(NO;), and Ca(NO,),, expressed as 14-d
expansion according to ASTM C1567.

By using the pipe method, both Ca(NOs), and Ca(NO,), treatment options might be considered as alternative
ASR mitigation approaches. However, the ASR mitigating effect of Ca?* is strongly dependent on the alkali
content of the system. A typical result is illustrated in Fig. 3. The results show that the higher the alkali content
of the system, the higher the dosage of Ca(NO,), that is required to mitigate ASR. Based on this observation,
there remains an open question for using the pipe method. How much of the NaOH as equivalent Na,O should
be added to accelerate the ASR in the pipe method? To address this question, two different paths forward
were taken: (a) further refine the pipe method and, (b) develop another potentially suitable rapid method for
ASR evaluation with soluble Ca?* treatment systems.

| New Method: mortar bar in sealed pipe | | ASTM C1567: mortar bars in 1N NaOH solution ‘

Fig. 2. Storage conditions for both the pipe method and ASTM C1567.
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Fig. 3. 14-d ASR expansion as a function of levels of added Ca Nitrite for mortar bars containing 25%
borosilicate and with different initial alkali contents using the pipe method.

Research Significance

The role of calcium ions (Ca?*) in ASR environments has been investigated and debated for many years.
Recently, more and more evidence has suggested that soluble Ca2* might be used in an alternative ASR
mitigation approach but an appropriate test method is key for advancing this concept. The development of a
rapid ASR test for soluble Ca?* treatments would further facilitate research and data generation to support the
implementation of soluble Ca2* such as Ca(NOs3), for ASR mitigation.

Experimental Investigation

When the ASTM C1567 test method is used to evaluate the known LiINO; ASR mitigating effect, the leaching
of Li* ions will significantly underestimate the ASR mitigating effect of LiINO;. To address this leaching
phenomenon, the U.S. Army Engineer Research and Development Center modified the ASTM C1567 test
method by adding LiNO; in the soak solution to buffer the leaching of Li* ions and subsequently developed the
CRD-C 662-10 test method (15). Using the same precedence followed in the modification of the ASTM C1567
test method which resulted in the CRD-C 662-10 method, additional Ca2* ions were added in the soak solution
to compensate for potential leaching of Ca2?* treated mortar bars. The ASR-mitigating dosage of Ca2*
determined in the ASTM C1567 with Ca2* buffering might also be used to define the initial alkali level used in
pipe method. As additional confirmation of the potential ASR mitigating effect of Ca2*, the microstructure was
examined by SEM/EDS analysis.

Materials

An ASTM C150 Type I/l Portland cement was used throughout the study. Two known reactive aggregates
were selected: (1) recycled borosilicate glass granules from Vitro Minerals, and labeled as “Borosilicate”, (2)
a crushed natural gravel from Delta, Colorado USA labeled as Sand 1. The aggregates were pre-crushed,
cleaned and separated into sieve sizes conforming to the grading requirements of ASTM C1567.

ASTM C1567 with additional Ca?* buffering in soak solution

For this study, three mortar bars were prepared as described in ASTM C1567, and the mix design utilized is
shown in Table 1. According to the CRD-C 662-10 test method, the volume of soak solution for three mortar



bars is 2475 mL, and the concentrations of LiINO; in both soak solution and initial mixing water are calculated
for 100% dosage of LiINOz and listed in Table 2. The key point of Table 2 is that the ratio of LINO3; concentration
in normality (N) in soak solution vs. in mixing water is 0.81.

Table 1. Mix design for three mortar bars.

Cement [ Sand | Water
wi/C
Wt. (9)
440 | 990 | 207 0.47

Table 2. LiNO; concentrations is soak solution and mixing water according to CRD-C 662-10.

In Mortar (440 g of cement) In 2475 mL of Soak Solution
30% LiNO3 (mL) 18.08 175.73
30% LiNO; (g) 21.88 212.63
LiNO; (g) 6.56 63.79
LiNO; (N) 0.46 0.37
C(soak solution)/ C(mixing water) 0.81

The ASR mitigating effects of Ca(NO,), or Ca(NO3), were evaluated according to the CRD-C 662-10 method,
additional Ca(NO,), or Ca(NO3), was added in the soak solution; and the Ca?* concentration in normality (N)
ratio in soak solution vs. in mixing water is set at 0.81 as specified in CRD-C 662-10 for LiNO3.

Experimental Results and Discussion

The effects of Ca(NO,), on the ASR expansion with additional Ca(NO.,), in soak solution to buffer the leaching
from mortar bar were evaluated in a mortar containing 25% borosilicate of total sand. The ASR mitigating effect
of Ca(NO,), was studied in the range between 0 and 4.2% by mass of cement, and the results of ASR
expansion at 14 days (14-d) as a function of the additions of Ca(NO,), are illustrated in Fig. 4.
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Fig. 4. 14-d ASR expansion as a function of levels of added Ca Nitrite for mortar bars containing 25%
borosilicate in ASTM C1567 with Ca?* buffering.



The results in Fig. 4 can be summarized as following:

1. When the dosage of Ca(NO,), is less than 3% by weight of cement, the addition of Ca(NO.), increased

the ASR expansion.
2. When the dosage of Ca(NO,), is higher than 3.4% by weight of cement, the addition of Ca(NO,),

stopped the ASR expansion.
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Fig. 5. Comparison of ASR mitigating effect Ca Nitrite for mortar bars containing 25% borosilicate
between two methods: (a) pipe method, and (b) ASTM C1567 with Ca?* buffering.
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Fig. 6. Comparison of ASR mitigating effect Ca Nitrate for mortar bars containing 25% borosilicate
between two methods: (a) pipe method, and (b) ASTM C1567 with Ca?* buffering.

Fig. 5 compares the ASR mitigating effect Ca Nitrite for mortar bars containing 25% borosilicate between two
methods: (a) pipe method, and (b) ASTM with Ca?* buffering. The ASR mitigating dosage of Ca(NO,), with
ASTM C1567 with Ca?* buffering is 3.4% which is closed to 3.0% when tested with pipe method at 1.25% Na,O
initial alkali content. The comparison study of these two methods were also carried out for Ca(NO;),, and



similar results were observed that the ASR mitigating dosage of Ca(NO;), is 4.5% which is close to 4.0% when
tested with pipe method at 1.25% Na,O, as shown in Fig. 6. This these results suggest that the initial alkali
content of the pipe method should be around 1.25% Na,O by mass of the cement.

The ASR mitigating effect of Ca?* was further examined by SEM-EDS analysis. Typical results of mortar with
and without addtion of Ca(NO,), is shown in Fig. 7 for mortar containing natural reactive aggregate Sand 1 and
with 3.0% Na,O initial alkali content. Without treatment of CaZ*, copious ASR gel was observed and confirmed
by EDS with vary amount of Na and K contents. No ASR gel was discovered in mortar with addition of 11%
Ca(NO;), by mass of cement.
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Fig. 7. SEM-EDS of Sand 1 in mortar with and without addition of Ca(NO,),.
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Fig. 8. The effect of Ca(NO;), and ASRI on Calorimetry of mortar with and without 4.5% Ca(NO;), by cwt.



One potential side effect of adding Ca?* is the acceleration of cement hydration. A specifically formulated
chemical admixture, designated an alkali-silica reactivity inhibitor (ASRI), based on Ca(NO3),, was developed
to (a) potentially mitigate ASR and (b) offset the acceleration of cement hydration. The calorimetry of mortar
is shown in Fig. 8, which indicates that the ASRI admixture has eliminated the accelerating effect of the addition
4.5% Ca(NOs), by weight of cement. The effects of the ASRI admixture on setting time, air content, slump and
compressive strength of concrete dosed at 4.5% Ca(NOs), by weight of cement are listed in Table 3. Both
initial and final set times of concrete treated with the ASRI were similar to those of control concrete. The
addition of ASRI had negligeable impact on the fresh air content; and improved the workability of concrete.
More than 30% increase in both early and late compressive strengths was observed for concrete treated with
the ASRI admixture.

Table 3. The effects of ASRI on concrete properties (CF = 333 kg/m?, w/c = 0.5).

Set Time (hour) Compressive Strength (Mpa)
Slump (cm)| Air (%) Initial Final 1 Day 7 Day 28 Day
Control 12.7 1.8 5.3 7.0 14.3 32.9 41.9
Treated with ASRI 22.2 1.2 5.9 6.9 19.8 43.2 55.3

Conclusions

The ASR mitigating effects of soluble Ca2* ions were compared using three different test methods: (a) ASTM
C1567, (b) the pipe method and, (c) ASTM C1567 with a Ca?* buffering in soak solution modification. Based
on the results of this experimental investigation, the following observations were made:

1. When ASTM C1567 was used, neither Ca(NO,), or Ca(NO3), could be distinguished as potential ASR
inhibitor.

2. When the pipe method was used, both Ca(NO3), and Ca(NO,), might be considered as alternative
ASR mitigation approaches. However, as expected, the mitigating dosages of Ca?* increased with
the increase of the initial alkali content of the mortar.

3. When ASTM C1567 with Ca2* buffering, both Ca(NQO3), and Ca(NO,), might be used as alternative
ASR mitigation approaches. The ASR mitigating dosages of both Ca(NO3), and Ca(NO.,), treatments
were close to those observed when the pipe method with 1.25% Na,O initial alkali was used. This
result suggests that the initial alkali content of pipe method should be defined at 1.25% Na,O. 1.25%
Na,O is alkali level specified in ASTM C1293 (12), and this level of alkali is higher than the alkali
contents of most of commercial cements.

4. A new ASRI admixture, based on Ca(NOs3), chemistry, was developed for ASR mitigation potential.
The initial results indicated that this admixture might also provide additional benefits such as improved
workability and other mechanical properties. Due to the enhancement in compressive strength, the
use of ASRI might reduce the cement usage in concrete.
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