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Abstract 

 

Experimental studies of the behavior of ‘pessimum’ aggregates in 

different test procedures used to evaluate the alkali reactivity of 

aggregates in concrete 

 

Gloriana Arrieta Martinez, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Kevin Folliard 

 

Alkali-silica reaction (ASR) is a common deterioration mechanism responsible 

for numerous concrete durability issues. Since ASR was first discovered in the 1940’s, a 

significant number of investigations have been carried out in order to understand its 

mechanisms. However, due to the complexity of the reaction and to the numerous factors 

that affect its development, many aspects still remain unexplained. The research 

described in this document was funded by the Texas Department of Transportation 

(TxDOT), and it focused on a specific type of reactive aggregates, known as ‘pessimum’; 

they present an unexpected behavior with respect to the relation between the amount of 

material present in the mixture and the extent of ASR related damage.  

The main objective of this investigation was to determine a method for identifying 

aggregates that exhibit the ‘pessimum’ behavior by means of a short-term testing regime. 

Modified versions of the Accelerated Mortar Bar Test (AMBT) and the Concrete 

Microbar Test (CMBT) were considered for this purpose. In addition, the behavior of a 
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selected group of ‘pessimum’ aggregates in the Concrete Prism Test (CPT) and the 

Chemical Method was evaluated. The petrographic characteristics for a reduced number 

of the aggregates studied were linked to their performance in the ASR tests. The results 

obtained from the experimental program conducted were combined with results from 

previous investigations performed at UT Austin to draw conclusions about the overall 

behavior of ‘pessimum’ aggregates.  

‘Pessimum’ aggregates were successfully identified with a modification proposed 

to the AMBT. As for their behavior, it was found that depending on the amount of 

reactive constituents present in each test, these aggregates are classified as reactive (for 

low chert contents) or as non-reactive (for chert contents above the ‘pessimum’ 

proportion). Whether these aggregates will generate durability problems depends on the 

amount of reactive silica in the concrete mixture.  
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Chapter 1: Introduction 

 

1.1. BACKGROUND 

Alkali-silica reaction (ASR) is a common deterioration mechanism responsible 

for numerous concrete durability issues. Under certain conditions, this chemical reaction 

can result in expansion, severe cracking and even failure of structural elements, due to the 

internal pressures that it generates within concrete. Since ASR was discovered in the 

1940’s, a significant number of investigations have been carried out in order to 

understand its mechanisms and to find ways of identifying reactive aggregate sources. 

Due to the complexity of the reaction and to the numerous factors that affect its 

development, many aspects still remain unexplained.  

The research described in this document was funded by the Texas Department of 

Transportation (TxDOT) under an Inter-Agency Contract. This project forms part of a 

series of research efforts that have been conducted at the University of Texas at Austin 

(UT Austin) to help improve the state of the art on alkali-silica reaction in concrete. Work 

on this topic is still ongoing.  

 

1.2. SCOPE 

As mentioned in the previous section, the research described in this thesis refers 

to alkali-silica reaction in concrete. Specifically, it concentrated on a certain type of 

reactive aggregates that present an unexpected behavior with respect to the relation 

between the amount of aggregate present and the expansion it generates. One would 

expect a directly proportional relation between these two variables; however, this is not 
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true for these types of materials known as ‘pessimum’ aggregates. They generate 

maximum expansions at a specific concentration, known as the ‘pessimum’ proportion. 

An initial group of aggregate sources, selected by TxDOT, was evaluated using 

the Accelerated Mortar Bar Method (AMBT). Using the results of this first test, the 

sources that were most likely to be classified as ‘pessimum’ aggregates were chosen to 

perform further testing. Three tests were selected for the extended experimental program:  

the AMBT with certain variations, the Concrete Prism Test (CPT) and the Chemical 

Method. The work primarily focused on the coarse aggregates from the selected sources. 

The results obtained from this series of tests were combined with results from previous 

investigations performed at UT Austin to draw conclusions about the behavior of this 

type of aggregates.  

The amount of aggregates chosen for extended testing, as well as the number of 

tests selected to be performed on them was based mostly on the time limitations of the 

project. This constituted the main limitation of this research. 

 

1.3. MOTIVATION 

Previous investigations on ASR conducted at UT Austin, which were funded by 

the Federal Highway Administration (FHWA) and TxDOT, determined that certain 

aggregates pass the AMBT but fail the more reliable CPT. This has raised concerns due 

to the large number of agencies and testing laboratories that use the AMBT for its short 

duration. Therefore, reactive aggregates that will cause deleterious expansion in concrete 

could be mistakenly classified as innocuous. The incorrect classification of an 

aggregate’s reactivity will most likely result in future durability issues. The ‘pessimum’ 

effect was thought to be a possible cause of this ‘odd’ behavior observed.  
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As a result of this concern, the need arose for a better understanding of the 

‘pessimum’ effect. To avoid more erroneous determinations of an aggregate’s reactivity, 

determining whether this effect was really the cause of the observed behavior, and if so, 

finding a way to identify these aggregates was deemed necessary. Clarifying these issues 

was the main motivation of the research carried out for this thesis.  

 

1.4. RESEARCH OBJECTIVES 

The main objective of this research was to determine a method for identifying 

aggregates that exhibit a ‘pessimum’ behavior by means of a short-term testing regime; 

such information could help select a testing program suited for this type of aggregates 

and aid the interpretation of its results. Modified versions of the AMBT and the Concrete 

Microbar Test (CMBT) were considered for this purpose.  

The specific objectives of this thesis were the following: 

 Select one of the ‘pessimum’ aggregates to obtain the relation between the 

amount of aggregate and the measured expansions, by means of the AMBT.  

 Test the effectiveness of using given percentages of fly ash to mitigate the 

expansion generated by a reduced group of ‘pessimum’ aggregates at or close to 

their ‘pessimum’ proportion. 

 Evaluate the behavior of a selected group of ‘pessimum’ aggregates in commonly 

used ASR tests. The CPT and the Chemical Method were considered. 

 Compare the results obtained in the different tests performed on the group of 

‘pessimum’ aggregates (AMBT and modifications, CPT and Chemical Method). 



 4 

 Link the petrographic characteristics of a reduced group of ‘pessimum’ aggregates 

previously studied at UT Austin with their performance on the ASR tests 

considered (AMBT and modifications and CPT). 

 

1.5. THESIS ORGANIZATION 

The remainder of this thesis was organized into four chapters. The main points 

included in each chapter are summarized below: 

 Chapter 2: A review of literature on alkali-silica reaction and on the ‘pessimum’ 

behavior of certain aggregate types is presented. Prior investigations on the latter 

topic and previous work done at UT Austin are also summarized.     

 Chapter 3: A description of the test methods and materials used in this research is 

provided. A schematic summary of the work done and the process followed is 

also presented. 

 Chapter 4: The results obtained from the experimental work carried out for this 

thesis are presented and discussed.  

 Chapter 5: A recapitulation of the conclusions derived from this research is given. 

Recommendations for future research to better understand the ‘pessimum’ effect 

of aggregates with respect to ASR are provided.  
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Chapter 2: Literature review 

 

2.1. THE ALKALI –SILICA REACTION IN CONCRETE 

The alkali-aggregate reaction, as defined by Poole (1992), involves a chemical 

interaction between the alkali hydroxides (which often come from the cement used) and 

reactive components present in the aggregate particles. Under certain conditions, this 

chemical reaction can result in expansion, severe cracking and even failure of structural 

elements, due to the internal pressures that it generates within concrete. There are two 

main types of alkali-aggregate reactions: the alkali-carbonate reaction (ACR) and the 

alkali-silica reaction (ASR). The first was discovered by Swenson in 1957 (as cited in 

Poole, 1992), and the latter by Stanton in 1940 (Stanton, 1940). The research done for 

this thesis refers only to alkali-silica reaction; therefore, the information provided from 

now on corresponds to this type of reaction only.  

ASR is defined as the chemical reaction between the dissolved alkali hydroxides 

present in the fluid within the micro-pores of hardened concrete and different forms of 

siliceous minerals existent in the coarse or fine aggregate particles (B. Fournier & 

Berube, 2000). The product of the reaction consists of a hydrophilic alkali-silica gel 

which swells, in the presence of moisture, generating pressure that may result in cracking 

and further deterioration of concrete. Even though cracking may not lead to significant 

deterioration by itself, it permits an easier ingress of other deleterious substances such as 

chlorides and water (Wigum et al., 2006). 

For ASR to occur, three conditions are required: a) aggregates containing reactive 

silica must be present, b) sufficient moisture coming either from the concrete itself or 

from external sources (for example, the environment), and c) a high concentration of 
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alkali hydroxides in the concrete pore fluid (B. Fournier & Berube, 2000). If any of these 

conditions are not met, ASR will not occur. Figure 2.1 shows a diagram of these 

requirements, and the typical damage caused by the reaction on a concrete element. 

When mild reinforcement or prestress tendons are present, the cracking caused by ASR 

tends to have a preferred orientation, usually parallel to the main longitudinal 

reinforcement. When the concrete element is unrestrained, damage is referred to in 

literature as ‘map-cracking’ or ‘pattern-cracking’ and it is the result of concrete being 

able to expand freely in all directions.  

 

 

Figure 2.1: Conditions required to trigger the alkali-silica reaction and typical resulting 

damage 

 

After this deleterious reaction was discovered in the 1940’s, a great amount of 

research has been published on the topic. In the remainder of this section, the main 

aspects of ASR are summarized. The next section (2.2) in this chapter provides greater 

details on the specific topic concerning this thesis, which corresponds to the ‘pessimum’ 

behavior of certain reactive aggregates with respect to ASR. 

Reactive silica

within aggregate particles

Sufficient 

moisture

inside concrete

High concentration 

of alkali hydroxides

(Na+, K+ - OH-)
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2.1.1. Mechanism 

In very basic terms, the process of ASR can be summarized in two steps (Bauer et 

al., 2006): 

 Step 1: the alkali hydroxides in the concrete pore solution and the reactive 

siliceous minerals react to form an alkali-silica gel product. 

 Step 2: the gel reaction product absorbs moisture, expands and can eventually 

result in cracking of the aggregate itself and the surrounding paste. 

The two previous steps summarize in a very simple and clear way the 

mechanisms of ASR, nonetheless, providing a more detailed explanation of how this 

reaction occurs was deemed necessary in order to understand better its behavior. 

Important aspects about the major players in the reaction are also given below. 

Alkali concentration 

The concentration of alkali hydroxides (Na
+
, K

+
 - OH

-
) in the pore fluid is the 

driving force for ASR. The amount of sodium and potassium ions (Na
+
, K

+
) in the pore 

solution must be in equilibrium with the amount of hydroxyl ions (OH
-
). As the 

concentration of alkalies increases, so does the concentration of hydroxyl ions. 

Furthermore, the pH of the pore solution is directly proportional to the hydroxyl 

concentration and the solubility of silica. Therefore, as the alkalinity of the pore solution 

increases, the potential for ASR also increases due to the availability of reactive forms of 

silica to participate in the formation of ASR gel (Bauer et al., 2006).  

The majority of the alkalies in the pore solution come from portland cement; the 

amount in which they are present can be determined from a typical oxide analysis. It is 

common practice to express the total alkali content of the cement in terms of the ‘sodium 

equivalent’, Na2Oe, which is calculated as the percent of sodium oxide (Na2O) plus 0.658 

times the percent of potassium oxide (K2O) (ACI 221.1R, 1998). According to B. 
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Fournier and Berube (2000), other sources of alkalies might be one or more of the 

following: aggregates, chemical admixtures (superplasticizers, for example), mixture 

water, supplementary cementitious materials (fly ash, slag or silica fume) and external 

sources (deicing chemicals or sea water). 

Siliceous minerals 

When an aggregate is denoted as reactive with respect to ASR, it means that the 

siliceous minerals within it will tend to solubilize in the high pH environment of the pore 

solution. Both the amount of silica and its structure influence the reactivity of a given 

aggregate. Based on the latter, two main types of silica can be distinguished: crystalline 

and amorphous.  

The first type has an ordered structure and is therefore chemically and 

mechanically stable. However, certain types of crystalline siliceous minerals (micro- to 

cryptocrystalline quartz, chalcedony) do react in concrete, but at a very slow rate. 

Amorphous silica presents a more heterogeneous and porous structure, therefore, it is 

highly reactive; some examples of this type of silica are opal, tridymite, cristobalite and 

volcanic glasses (B. Fournier & Berube, 2000).  

Detailed mechanism 

First, the main steps of the chemical reaction between the hydroxyl ions and the 

siliceous components of the aggregates will be described; the information presented on 

this topic was taken from Folliard et al. (2003). Afterwards, the potential mechanisms of 

expansion will be briefly explained.  

When siliceous minerals are exposed to high alkaline solution present within the 

concrete pores, an acid-base reaction takes place between the hydroxyl ions (OH
-
) in 

solution and the acidic silanol groups (Si-OH). As additional OH
-
 ions come into play, 
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some of the siloxane linkages (Si-O-Si) are also attacked, leaving a weakened structure 

(Si-O
-
) with negative charge on the oxygen atoms. To maintain charge equilibrium, the 

cations (Na
+
 and K

+
, alkalies) diffuse into the structure producing alkali-silica gel. 

The chemical process described, refers basically to the dissolution of the reactive 

silica components within the aggregates. The rate of the reaction, as long as enough 

moisture is available, is controlled by the alkalinity of the pore solution and the structure 

of the siliceous minerals (amorphous vs. crystalline). Based on this concept, two 

categories of ASR were recognized by B. Fournier and Berube (2000): 

 Rock types incorporating poorly crystalline silica minerals: characterized by 

extensive expansion and cracking within a few years after construction. 

 Quartz-bearing rocks incorporating fine-grained quartz: the manifestation of 

expansion and cracking can take from 10 to 25 years. 

The composition of alkali-silica gel is highly variable (SiO2 from 28 to 86%, CaO 

from 0.1 to 60%, K2O from 0.4 to 19% and Na2O from 0 to 20%). Calcium hydroxide 

must be present for the gel to form, and the composition of the reaction product has a 

large influence on its mobility and therefore, on its ability to cause internal stresses (D.W. 

Hobbs, 2002). 

Several explanations have been proposed for the expansion mechanisms of ASR 

gel. However, a detailed discussion is beyond the scope of this document. Only the two 

main expansion mechanisms, summarized by D.W. Hobbs (2002), will be presented. 

The first theory claims that the induced stresses within concrete are caused by the 

increase in volume of the ASR gel due to absorption of pore fluid; expansion depends on 

the volume concentration of the gel and its rate of growth. If the gel grows at a fast rate, 

stresses might build up to a level high enough to cause cracking. The second theory, 

known as the osmotic cell pressure theory, attributes the internal stresses in concrete to a 
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hydraulic pressure developed across the cement paste. The membrane permits the 

diffusion of water, OH
-
 and alkalies, but does not permit the diffusion of the silicate ions. 

As a result of this behavior, reaction sites exert an increasing hydrostatic pressure against 

the confining paste. 

2.1.2. Controlling factors 

As was mentioned, there are three requirements for ASR to occur: reactive silica, 

high alkali concentration and sufficient moisture. However, many other factors influence 

alkali-aggregate reactivity in concrete.  

Alkali content of concrete 

Even though the majority of the alkalies come from portland cement, it is now 

recognized that, in order to prevent ASR, the total alkali content of the concrete mixture 

(cement content per unit volume times the alkali content of the cement) is what must be 

controlled. Laboratory tests have shown that expansion due to ASR is unlikely when the 

total alkali content of the concrete mixture is kept below 5.0 lb/yd
3
. It is important to note 

that this alkali threshold varies depending on the aggregate. Under field conditions, 

structures with lower alkali contents than the above mentioned threshold have exhibited 

damage (Folliard et al., 2003).  

Temperature 

As the temperature increases, so does the rate of alkali-silica reaction; this effect 

has been observed in field structures (Wigum et al., 2006). However, Locher (1973, as 

cited in Wigum et al., 2006) carried out tests with a fixed amount of alkalies and found 

that the maximum expansion is reached at a temperature of about 40
o
C (104

o
F). The tests 

done by Chatterji and Christensen (1990, as cited by the previous document) with an 

unlimited amount of alkalies on particular aggregates show that, even though the rate of 
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reaction increases with increasing temperature, the total expansion was found to be lower 

at higher temperatures. The first type of test would correspond to the conditions of 

ASTM C1293, and the latter to those of ASTM C1260.  

Moisture 

According to Folliard et al. (2003), the critical threshold value of relative 

humidity required to cause significant expansion due to ASR corresponds to 80%; this 

was confirmed by Wigum et al. (2006) and ACI 221.1R (1998). For concrete exposed to 

environments with a relative humidity below 80%, damage due to ASR is unlikely to 

occur. Moisture content variations within sections of a given structure can result in 

significantly different performance. If a portion of the structure is constantly exposed to 

moisture, it is more prone to expansion and cracking than another portion that remains 

practically dry. 

If concrete is maintained moist, the rate of the reaction, and therefore of the 

expansion seen in concrete, will be controlled by the rate of the chemical reaction. 

Otherwise, the rate of expansion will be controlled by the rate at which moisture 

penetrates concrete (D.W. Hobbs, 2002). 

Types and content of reactive siliceous minerals 

As previously mentioned, there are two main types of siliceous minerals: 

crystalline and amorphous. The first group, which is slowly reactive, behaves in the way 

one would expect; this is, for an increasing amount of reactive aggregate and a given 

alkali content, expansion increases. On the other hand, aggregates containing the rapidly 

reactive forms of silica tend to present a ‘pessimum’ effect; the relation between the 

amount of reactive aggregate and the observed expansion is not directly proportional for 

every case. This issue will be discussed later with more detail. 
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Aggregate particle size 

Work done by Hobbs and Gutteridge (1979, as cited inWigum et al., 2006) 

showed that a higher reaction rate and larger expansions were achieved by decreasing the 

size of the reactive particles. This might be due to the fact that decreasing the particle size 

provides a larger surface area for the reaction to take place. However, it has been 

determined that the previous statement holds true above a certain grain size. When the 

reactive particles are smaller than a given size limit, expansion decreases due to a 

pozzolanic effect (Wigum et al., 2006).  

Air entrainment, paste porosity and water to cement ratio 

Air entrainment, paste porosity and water to cement ratio (w/c ratio) can influence 

ASR. The effect of these factors on ASR has to do mainly with two concepts: a) available 

space for the ASR gel to expand, and b) the rate at which the ions transport to the reactive 

aggregates (Wigum et al., 2006).  

 Air entrainment: several investigations have found that air entrainment reduces 

the expansion caused by ASR. Even though the rate of the reaction is independent 

of the air content in concrete, the damage is reduced because the voids provide the 

required space to relive the pressure caused by the expanding ASR gel (D.W. 

Hobbs, 2002). The use of air entrainment does not stop the reaction, but rather 

reduces the expansion caused by ASR and typically delays the onset of expansion. 

 Water to cement ratio (w/c ratio) and paste porosity: varying the w/c ratio affects 

both the concentration of alkalies in the pore solution (constant water content, 

varying amount of cement) and the porosity of the paste (constant cement content, 

varying amount of water). Diminishing the paste porosity reduces the space 

available to relieve the pressure caused by the ASR gel; but at the same time, it 

decreases the rate of the reaction by reducing the rate at which water and alkalies 
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reach the reactive aggregate particles. There seems to be no consensus on the 

overall effect of the w/c ratio on ASR expansion (Wigum et al., 2006). 

2.1.3. Role of supplementary cementitious materials 

According to B. Fournier and Berube (2000), field experience and significant 

laboratory investigations have shown that the use of adequate amounts of supplementary 

cementitious materials (SCMs) can reduce and even control the expansion caused by 

ASR. Folliard et al. (2003) claimed that the use of SCMs is the most common mitigation 

measure used in concrete construction to control ASR. Some supplementary cementing 

materials that have been used for this purpose are ground granulated blast furnace slag 

(ggbfs) and pozzolanic materials such as fly ash, natural pozzolans, rice husk ash, silica 

fume and metakaolin. The effectiveness of the specific SCM being used depends on the 

properties of the material, the reactivity of the aggregate present and the alkali content of 

the concrete (ACI 221.1R, 1998). 

Mechanisms 

The beneficial mechanisms through which SCMs mitigate ASR damage, as 

summarized in ACI 221.1R (1998), may be one or a combination of the following: 

 Replacing cement by using a material with low alkali content reduces the overall 

alkali content of the concrete. 

 The hydration products of pozzolans and slag have lower calcium to silicate ratios 

than those of the hydration products of portland cement. This gives them the 

capacity to remove more alkalies from the pore solution, therefore reducing 

its pH.  

 Pozzolanic reactions consume calcium hydroxide; ASR gel that forms in an 

environment with less of this hydration product tends to have lower swelling 



 14 

potential. Pozzolanic reactions also produce cement paste with lower porosity by 

yielding additional C-S-H; this reduces the mobility of ions and hinders the 

ingress of external moisture and alkalies. 

Use of fly ash 

Even though there are many SCMs that can be used to control ASR, fly ash1 was 

the only one used in the present investigation. According to Folliard et al. (2003), this 

SCM is one of the most commonly in the world. Its effectiveness depends on the dosage, 

its chemical composition, the aggregate reactivity and the alkali content of the concrete. 

ASTM C 618 classifies fly ash in two categories, Class F and Class C, based on 

its chemical composition, specifically, on the sum of silicon dioxide (SiO2), aluminum 

oxide (Al2O3) and iron oxide (Fe2O3). For Class F ash the sum of the three oxides 

indicated must be at least 70%. For Class C ash the sum must be at least 50%. The former 

typically has a low content of calcium oxide (CaO) and is more effective in mitigating 

ASR than Class C ash, which has a high content of CaO. Class C ash can be used to 

prevent ASR but a higher dosage is required (ACI 221.1R, 1998). Investigations carried 

out by Glasser (1992) and Shehata et al. (1999) (as cited in Folliard et al., 2003) 

concluded that the reason for this behavior is the higher alkali-binding capacity of the 

hydration products of concrete produced with a low-calcium fly ash. In addition, Class C 

ash may release a higher amount of its alkalies in concrete (ACI 221.1R, 1998). 

The current TxDOT Standard Specification for construction and maintenance of 

highways, streets and bridges (TxDOT, 2004) along with the Special Provision to 

Item 421: Hydraulic Cement Concrete (TxDOT, 2009) require among other options, to 

replace cement in structural concrete by 20-35% F ash or by 35-50% of a combination of 

                                                 
1 Finely divided residue resulting from the combustion of powdered coal (ACI 221.1R, 1998). 
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C ash and at least 6% silica fume, metakaolin or ultra-fine fly ash. These replacements 

are required unless an adequate performance of the concrete mix can be demonstrated 

with laboratory testing.  

2.1.4. Effects on the mechanical properties and durability of concrete 

The consequences of ASR on field concrete can be classified in three main 

groups: deterioration of mechanical properties, physical damage due to expansion and 

exacerbation of durability issues due to cracking.  

Deterioration of mechanical properties 

Investigators have found that the decrease in compressive strength of concrete is 

not very significant, and therefore does not represent a suitable indicator of damage 

caused by ASR (Ahmed, Burley, Rigden, & Abu-Tair, 2003; Jones & Clark, 1998; ACI 

221.1R, 1998). Nonetheless, an important decrease in tensile strength has been reported 

by various studies.  

According to B. Fournier and Berube (2000), losses in tensile strength of 40 to 

80% have been reported. They also sustain that ASR negatively affects the elastic 

modulus of concrete, even at low levels of expansion. On an investigation carried out by 

Ahmed et al. (2003), a reduction of 70 to 90% on the flexural strength and of 50 to 80% 

on the direct tensile strength was recorded over a period of 12 months. They also 

concluded that the modulus of elasticity is a sensitive and reliable indicator of the 

deterioration of concrete due to ASR. The same assertion was made by Jones and Clark 

(1998). 

Physical damage due to expansion 

As a result of the physical changes that concrete suffers due to ASR (cracking and 

expansion) different types of damage may result; examples are presented in Figure 2.2. 
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Figure 2.2: a) misalignment of adjacent sections, b) closing of joints and loss of 

clearance, c) extrusion of joint sealant, d) crushing of concrete, e) 

discoloration around cracks, f) pop-outs (The pictures were retrieved from 

Fournier et al., 2010) 

 

a) b)

c) d)

e) f)
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Exacerbation of durability issues 

The cracks generated by the reaction provide for an easier ingress of deleterious 

substances that can cause, or speed up, durability issues in concrete. Some examples are: 

the ingress of chlorides that can cause the steel to corrode in hostile environments, the 

ingress of water that can both accelerate the ASR and also increase the chances of 

suffering freeze-thaw damage, the carbonation process is accelerated increasing the risk 

of corrosion of the reinforcement, the reduction in pH might lead to delayed ettringite 

formation (DEF), among others.  

 

2.2. THE ‘PESSIMUM’ EFFECT 

Some types of aggregates, especially the ones containing rapidly reactive 

siliceous minerals, exhibit an unexpected behavior with respect to the relation between 

the amount of reactive aggregate present and the measured expansion. One would expect 

that as the amount of reactive aggregate increases, so will the measured expansion; 

however, this is not true for this type of aggregates. This section presents the details 

about this particular behavior, what is known about it and important findings of previous 

investigations.  

This issue was first discovered by Stanton (1940). By combining various 

percentages of crushed siliceous magnesian limestone with neutral river sand, he 

observed that the expansion of mortar bars (stored in sealed containers at room 

temperature and 100% humidity) increased up to a certain amount of reactive aggregate, 

and for higher contents the expansion started to decrease. After these findings, he 

introduced the term ‘pessimum’ to refer to the aggregate content that generated the 

highest expansion. 
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Several cases of this type of behavior have been reported in real structures; a few 

examples are mentioned below: 

 In Denmark, before 1960 multiple concrete structures were built using fine and 

coarse aggregates containing high amounts of porous flint, yet no deleterious 

expansion due to ASR has been reported. In the 1960’s the high reactivity of the 

coarse aggregate was discovered and it was replaced with a non-reactive material. 

The new aggregate combination produced severe damage due to ASR in the 

structures where it was used. The amount of silica when using two highly reactive 

aggregates was probably over the ‘pessimum’ and therefore did not produce any 

expansion (Wigum et al., 2006). 

 Hawkins (1985, as cited in Sims, 1986) suggested that aggregate combinations 

containing more than 60% flint could be classified as non-reactive. Deleterious 

behavior has been reported in concrete samples from England and Wales with 

flint contents lower than 10% (Sims, 1986). 

 In the United Kingdom the majority of the concrete presenting ASR damage has 

been produced with fine aggregates containing small quantities of flint or chert 

particles and non-reactive coarse aggregates, usually limestone or granite (Larbi 

& Visser, 2002). These aggregate combinations were probably at or near the 

‘pessimum’ proportion. The Flint working group of the International Union of 

Laboratories and Experts in Construction Materials, Systems and Structures 

(RILEM), from now on referred to as Committee TC 219-ACS (2011), reported 

that when the total chert content of the aggregate combination used in concrete 

was between 70 and 80%, no expansion was observed in the field; but, when this 

percentage was around 15 to 30% chert, severe damage due to ASR was found. 
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 Chert-rich aggregates have been used in France for years, and as long as they are 

not mixed with non-reactive aggregates, no ASR expansion has been reported 

(Committee TC 219-ACS, 2011). 

2.2.1. Concept 

The concept of the ‘pessimum’ behavior of aggregates with respect to ASR 

induced expansion can be illustrated graphically, as shown in Figure 2.3. For a given 

quantity of alkalies, the idea consists in the existence of a specific amount of reactive 

aggregate that generates a maximum expansion in concrete. This proportion is referred to 

as the ‘pessimum proportion’ and it is highlighted with the dashed red lines in Figure 2.3. 

If the amount of aggregate present in concrete is either too low or too high, little or no 

expansion will occur. It must be noted that the ‘pessimum proportion’ will not always 

occur at 50%, as shown in the figure; this percentage was arbitrarily chosen for 

illustrative purposes. 

 

 

Figure 2.3: Graphical representation of the 'pessimum' behavior concept (addapted from 

Poole, 1992) 
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The ‘pessimum’ behavior has been explained by Poole (1992) and Wigum et al. 

(2006) based on the concept that the reaction will cease when either the alkalies in the 

pore solution or the reactive constituents within the aggregate particles are depleted. If 

the reactive aggregate content is too low, even though it will all react, the amount of ASR 

gel produced will not be enough to cause significant expansion. On the other hand, if 

there is too much reactive material, the alkalies are used up quickly and hence only a 

small portion of the aggregate will react, therefore generating little expansion. At the 

‘pessimum proportion’, the amount of alkalies will be just sufficient to make 100% of the 

material expand, therefore causing maximum expansion. This explains the shape of the 

curve shown in Figure 2.3. 

The relation between the amount of reactive aggregate and the measured 

expansion will be referred to as the ‘pessimum’ curve. It can be obtained, in general 

terms, by measuring the expansion of concrete or mortar specimens containing varying 

amounts of reactive aggregate. According to Wigum et al. (2006) the exact shape of the 

‘pessimum’ curve and the amount of aggregate corresponding to the ‘pessimum’ 

proportion depends both on the type of aggregate and the alkali content of concrete. 

Poole (1992) stated that as the reactivity of the aggregate increases, it will be able to 

remove alkalies at a faster rate, hence moving the ‘pessimum’ proportion to the left. D.W. 

Hobbs (2002) indicated that when the amount of available alkalies increases, the 

‘pessimum’ proportion moves to the right and the curve broadens.  

2.2.2.  ‘Pessimum’ aggregates 

In this section, a brief description of the most rapidly reactive forms of siliceous 

minerals and rocks will be provided. These are the types of constituents in aggregate that 

are most likely to cause a ‘pessimum’ behavior with respect to ASR. The information 
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presented corresponds to a synthesis of Chapter 4 (Petrography of alkali-silica reactive 

aggregate) in the “Report on Alkali-Aggregate Reactivity” (ACI 221.1R, 1998) and the 

“Standard Descriptive Nomenclature for Constituents of Concrete Aggregates” (ASTM C 

294, 2005). 

Opal 

Opal is a hydrous form of silica that has no characteristic external form and, in its 

majority, no internal crystalline arrangement. The color is variable (colorless to pale gray 

or brown) and is usually found in sedimentary rocks, especially cherts. It may also be 

found as a coating on gravel and sand. This natural mineral is probably the most reactive 

with respect to ASR (Stanton, 1940). 

Cristobalite and tridymite 

These siliceous minerals are high temperature crystalline forms of silica. They are 

rarely found in concrete aggregates, except where volcanic rocks are abundant. 

Cristobalite also occurs as a constituent of some types of opal and some blast-furnace 

slags. It is colorless in thin section. Tridymite occurs as microscopic white or colorless 

crystals or scales. 

Volcanic glasses 

Volcanic glasses are a type of fine-grained and glassy extrusive igneous rocks, 

composed entirely of glass. The types of volcanic glasses that are highly alkali reactive 

are the ones that contain large amounts of silica (greater than 52%). Obsidian (dark and 

dense natural glass) and pumice (light colored and glassy foam filled with elongated 

bubbles) that occur in rhyolites, dacites and andesites are common examples. 
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Chert 

Chert is a general term used for a group of fine grained siliceous rocks composed 

of micro- or cryptocrystalline quartz, chalcedony, opal, or a combination of these 

minerals; some varieties are flint, jasper, agate and novaculite. They occur as beds, 

nodules or lenses in sedimentary rocks and as particles in sand and gravel. Chert can be 

dense or porous. The first are tough and glassy and the latter are lighter in color and 

chalky. The color of chert varies greatly; gray, brown, white, red, green, black or blue for 

dense types and off-white, stained yellowish, brownish or reddish for porous varieties.   

The degree of alkali reactivity of chert depends on mineralogic composition, 

internal structure, amount of chert in relation to the total aggregate content, particle size 

distribution and alkali content of the concrete. They should be considered as potentially 

deleteriously reactive concerning ASR, in the absence of additional information to prove 

the contrary. 

2.2.3. Importance of petrographic examination 

Petrographic examination of aggregates involves microscopic analysis through 

either thin sections or polished surfaces. It is used to describe and classify mineral 

constituents and to determine the relative amounts of these constituents; also to determine 

the physical and chemical characteristics that may be of importance for their performance 

in concrete (ASTM C 295: "Standard guide for petrographic examination of aggregates 

for concrete", 2008a). Petrography is an essential preliminary evaluation of coarse and 

fine aggregates, as it may assist in characterizing their engineering properties; 

nonetheless, it should not be used as the only test for predicting their behavior.  

Petrographic examination of aggregates is especially important when assessing 

their potential alkali reactivity. According to Sims (1986), avoiding potentially reactive 

aggregates is the only reliable way to prevent ASR, and petrographic examination 
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constitutes a very useful tool to help identify these aggregates. The test also has its 

shortcomings. Its accuracy depends on the capabilities and experience of the petrographer 

and on the representativeness of the sample, as constituents that might cause an aggregate 

to be reactive are usually not uniformly distributed throughout the source.  

The types of silica that can react with alkalies in concrete have been identified, 

furthermore, the specific varieties that might cause a ‘pessimum behavior’ in an 

aggregate are also known (see previous section). The importance of petrography lies on 

the fact that it can identify the content of these constituents present in a given aggregate. 

As stated by Sims (1986), when petrography is applied as an initial screening method, it 

can either rescind the need for further testing or it can help select the testing program to 

be followed and interpret its results.  

2.2.4. Identifying ‘pessimum’ behavior in aggregates 

Several investigations have been carried out over the years to try to understand 

the ‘pessimum behavior’ of different types of aggregates and to obtain their ‘pessimum 

curve’ in the laboratory. A summary of the investigations found on this topic after an 

extensive literature review is presented. Work preceding the present research done at the 

University of Texas at Austin (UT Austin) is also recapitulated.     

Using accelerated testing regimes 

Even though a ‘pessimum’ effect is not expected to occur on accelerated testing 

regimes, due to the unlimited amount of alkalies that are available, several investigators 

have reported this type of behavior in such testing conditions. In fact, most of the 

research that was found on the ‘pessimum’ behavior of aggregates used accelerated test 

methods to obtain the ‘pessimum’ curve in the laboratory. 
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One of the first investigations on this topic was carried out by Price in 1961 (as 

cited in B. Fournier & Berube, 2000). He used the Accelerated Mortar Bar Test (AMBT) 

to measure the expansion of mortar bars made with different proportions of two different 

types of reactive aggregates, leached chert and spratt limestone, combined with a non-

reactive aggregate. The first presented a ‘pessimum’ behavior, with a maximum 

expansion of approximately 0.34% at 14 days for a chert content of 10%. The latter 

resulted in higher expansions for increasing percentages of the reactive component. 

Hudec (1990) observed the ‘pessimum’ behavior exhibited by crushed chert 

cobbles from the east of London. The test conditions used were the same as those of the 

AMBT (1 N sodium hydroxide soak solution at 80
o
C (176

o
F)), but the specimens 

consisted of cores cut from a single mortar block. They were cooled down to room 

temperature for each measurement. In this case, the ‘pessimum’ expansion was 0.90% at 

14 days and it was also obtained for a chert content of 10%. The author stated that the 

amount of expansion is governed by the distribution and distance between reactive 

particles; each particle is thought of as a reactive site that obtains water from the paste 

surrounding it, creating an osmotic circle of influence. For aggregate concentrations 

equal to or less than the ‘pessimum’ proportion, water is free to migrate to the reactive 

sites. For aggregate concentrations above the ‘pessimum’, the osmotic circles start to 

overlap, reducing or stopping the water flow due a drop in the osmotic differential. 

The AMBT was also used by Shayan (1992) to obtain the ‘pessimum’ curve of 

opal. This reactive constituent was used to replace 0, 5, 10, 30 and 50% of non-reactive 

crushed basalt. A ‘pessimum’ expansion was observed at 5% opal for all ages, during a 

21 day testing period; for higher opal contents expansions decreased consistently. Several 

pieces of evidence were found to support the existence of a ‘pessimum’ behavior: the rate 

of expansion was faster for mortar bars with 5 and 10% opal than for bars with 30 and 
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50% opal and cracking was observed at a later age for the latter. By visual and 

microscopic evaluation, it was possible to determine that the bars with 30 and 50% opal 

presented an un-reacted core, while in the bars with 5 and 10% opal, evidence of reacted 

particles was found throughout the entire cross section. This last observation was thought 

to be the explanation for the observed behavior. For high amounts of opal, the amount of 

gel produced is so large that it “seals” the surface of the bars, preventing the alkalies to 

penetrate and hence suppressing further expansion.  

Bektas et al. (2008; 2004) performed an investigation to evaluate the reactivity of 

chert samples from Ankara, Turkey. The test methods used were AMBT, sonic velocity 

measurements and petrographic analysis of cracked sections. Eight different chert 

varieties were studied; for each type, the non-reactive aggregate (limestone composed of 

100% calcite) was replaced by 1, 3, 5, 7.5, 10, 15, 20, 30, 50 and 100% chert. 

‘Pessimum’ expansions (from 0.25 to 0.59% at 28 days) were observed for all the chert 

varieties in the study, and they occurred for chert contents between 7.5 and 10%. These 

results were in good correlation with the other two test methods used. The minimum 

sonic velocities and the highest amount of cracks per square millimeter were recorded on 

the bars with the ‘pessimum’ percentage of chert, indicating a higher level of damage 

present in these bars due to ASR related cracking.  

A more recent investigation (Adil, 2008) reported a ‘pessimum’ behavior in the 

AMBT for opal, chert, chalcedony, andesite and greywake. They also tried to obtain the 

‘pessimum’ curve for slowly reactive aggregates (ignimbrite, basalt, granodiorite and 

quartzite), but the highest expansion was found when 100% of the aggregate was used. 

Details about the specific aggregate combinations used were not provided. Alkali-silica 

gel pressure measuring (ASGPM) tests were carried out for a variety of aggregates; the 
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highest ASR gel pressure was recorded for specimens containing the ‘pessimum’ 

proportion of chert and opal.  

In France, the Autoclave Test (alkali boosted mortar bars, cured for 5 hours in 

autoclave at 127
o
C (261

o
F)) and the Microbar Test (a very fine fraction of the aggregate 

is tested in alkali boosted mortar bars, cured for 4 hours in water vapor and then 

immersed for 6 hours into a 10% KOH solution at 150
o
C (302

o
F)) are currently being 

used to identify ‘pessimum’ aggregates, by making specimens with at least two different 

aggregate to cement ratios (Committee TC 219-ACS, 2011). The aggregate is qualified as 

a ‘pessimum’ aggregate if the lower aggregate to cement ratio gives a higher expansion 

than the one with a higher aggregate content. The same trend (higher expansion with 

lower aggregate to cement ratio) was reported by Criaud et al. (1994) when using the 

Microbar test.  

As can be concluded from the summary provided above, several investigations 

have been successful in obtaining the ‘pessimum’ curve of rapidly reactive aggregates in 

the laboratory by means of accelerated testing regimes. Nonetheless, other investigations 

have not been able to detect the ‘pessimum’ behavior using this type of tests. 

Research carried out by Larbi and Visser (2002) was unable to observe a 

‘pessimum’ behavior when evaluating sea gravel from the southeast coast of England in 

the AMBT. They combined the crushed sea gravel with a non-reactive limestone to 

produce mixes with 0, 3.1, 6.3, 9.4 and 12.5% of reactive constituents (chert/flint and 

chalcedony). For all the aggregate combinations, the expansion of the mortar bars 

remained below the 0.100% limit at 14 and 21 days. After testing, petrographic 

examination was done on thin sections taken from the mortar bars. Two distinct zones 

were identified: an outermost barrier saturated with ASR gel and an unreacted interior 

core. The outer barrier blocking the pores and voids in the paste and thus impeding the 
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ingress of alkalies to the interior of the mortar bars and the percentage of reactive 

constituents in all the mortar mixes studied being above the ‘pessimum’ proportion were 

provided as explanations of why the ‘pessimum’ behavior was not observed. 

Grattan-Bellew et al. (2004) evaluated combinations of a non-reactive reference 

aggregate and different percentages of opal in the Concrete Microbar Test or CMBT (1 N 

sodium hydroxide soak solution at 80
o
C (176

o
F), the bar size is 1.55 in. x 1.55 in. x 6.25 

in. (40 x 40 x 160 mm) and the aggregate is graded to pass a 12.5 mm and be retained on 

a 4.75 mm sieve). A ‘pessimum’ behavior was not observed. For increasing opal content, 

higher expansions were obtained. The authors claimed that the larger mean grain size of 

opal in this test, as compared to that of the AMBT, reduces the rate of reaction; reactive 

particles are consumed slowly, allowing more time for alkalies to penetrate the specimens 

completely. This was supported by the presence of unreacted but corroded chert particles 

in the bars containing 5% opal.  

Using non-accelerated testing regimes 

After an extensive literature review, few investigations were found in which a 

‘pessimum’ behavior was detected using a non-accelerated test. A summary of previous 

work done on this topic is presented below. 

Research conducted by D. W. Hobbs (1978) was able to show the ‘pessimum’ 

behavior in mortar bars made with high alkali cement (1.15% Na2Oe) and containing 

varying percentages of a highly reactive porous opaline rock. The specimens were kept at 

a temperature of 20 
o
C (68 

o
F) inside tight polythene sleeves filled with 10 g (0.35 oz) of 

water, for a period of 56 days. The ‘pessimum’ proportion varied between approximately 

2.5% opal at 7 days and 10% opal at 56 days. It was stated that the highest expansion 
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occurs when 100% of the opal present has reacted at the same time as the alkalies in the 

system are reduced to a threshold below which reaction will cease.  

Nixon, Page, Hardcastle, Canham, and Pettifer (1989) studied concretes made 

with different proportions of reactive flint and different alkali contents of the cement. 

Concrete prisms were stored in sealed containers above water at 38
o
C (100

o
F) for one 

year. The ‘pessimum’ effect was observed with the maximum expansion occurring at 

10% flint. Furthermore, when cement with higher alkali content was used, the 

‘pessimum’ curve broadened, indicating that when the amount of available alkalies 

increases significant expansions can be observed for a wider range of flint contents. The 

amount of silica dissolved and the reduction in the hydroxyl ion concentration in the pore 

solution were measured; they were both found to be greater for the concrete with the 

higher flint content. Even though this provides evidence of more reaction happening, the 

gel that forms is able to dissipate its pressure throughout the paste, without generating 

deleterious expansion.  

Criaud et al. (1994) evaluated the effectiveness of the French standard methods 

for assessing the reactivity of aggregates with high chert contents. They looked at the 

Mortar Bar Test (specimens are stored at 38
o
C (100

o
F) and 100% relative humidity for 6 

months) and the Concrete Prism Test or CPT (specimens are stored at 38
o
C (100

o
F) and 

100% relative humidity for 8 months), among others. ‘Pessimum’ aggregates did not 

expand in either of these tests. This was attributed to the silica to alkali ratio exceeding 

the ‘pessimum’, even though the specimens in the Mortar Bar Test have boosted alkali 

content and that the reactive coarse aggregates in the CPT were combined with a non-

reactive fine aggregate.  Care should be taken when interpreting the results from a 

Concrete Prism Test, when ‘pessimum’ aggregates are involved; the resulting expansion 

will depend on the final amount of chert in the concrete and its reactivity.  
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A recent investigation executed by Garcia-Diaz et al. (2010), examined the 

‘pessimum’ behavior of siliceous limestone aggregates in the CPT; the specific test used 

was the French standard NF P 18-587. Highly reactive fine aggregates were used in 

combination with non-reactive pure limestone coarse aggregate and with reactive 

siliceous limestone coarse aggregate. A ‘pessimum’ behavior was observed when plotting 

expansion vs. free silica for each concrete mixture. When the non-reactive coarse 

aggregate was substituted by the reactive siliceous limestone, a drop in expansion was 

observed. Increasing the amount of reactive silica in the concrete moved the mixes 

beyond the ‘pessimum’ proportion, therefore reducing the maximum expansion.  

Other investigations (French, 1980; Ichikawa, 2009) have proposed empirical 

models to calculate the ‘pessimum’ curve of aggregates in a non-accelerated testing 

regime (mortar bars stored at ambient temperature and 100% relative humidity). These 

models have included variables such as cement type and alkali content, time, aggregate 

reactivity, water to cement ratio, temperature, paste porosity and particle size. The 

amount of factors that can affect the ‘pessimum’ behavior of a certain aggregate gives an 

idea of the complexity of the problem. 

Using chemical methods on aggregates 

Chemical methods constitute a different approach to evaluate an aggregate’s 

reactivity with respect to ASR. They basically consist in submerging the aggregate in a 

sodium hydroxide solution at an elevated temperature for a specified period of time, after 

which the amount of dissolved silica and the reduction in alkalinity of the solution are 

measured. A summary of the investigations that were found to use this test to identify 

‘pessimum’ aggregates is provided below. 
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Mielenz, Greene and Benton (1947, as cited in P. E. Grattan-Bellew, 1983) 

wanted to investigate whether determining the amount of dissolved silica alone would be 

enough to assess the reactivity of aggregates. A series of quartz sands containing different 

percentages of opal, which presented a ‘pessimum’ behavior in the Mortar Bar Test, were 

evaluated. They determined that, for this type of aggregate, a better correlation between 

the two tests is obtained when the mortar bar expansion is compared to the ratio of 

reduction in alkalinity/dissolved silica.  

The Kinetic Test, which consists of immersing aggregates in a sodium hydroxide 

solution (1 N) at a temperature of 80
o
C (176

o
F) for a period of 24, 48 and 72 hours, has 

been found useful in detecting the ‘pessimum’ behavior of aggregates by several 

investigators. According to Committee TC 219-ACS (2011), this test has been 

successfully used for years in France to identify these aggregates.  

The importance of considering the reactivity of the aggregate combination when 

‘pessimum’ type aggregates will be involved was highlighted by Sorrentino, Clement, 

and Golberg (1992). When a ‘pessimum’ aggregate is combined with another aggregate 

of equivalent reactivity, it will most likely not generate any expansion. Nonetheless, 

when it is combined with aggregates of different reactivity, care should be taken, as the 

resulting expansion will depend on how close the total amount of silica in the 

combination is to the ‘pessimum’ proportion. After applying the test to about 50 different 

aggregates, it was concluded that it could precisely identify ‘pessimum’ aggregates. 

Furthermore, it was proven to be accurate in determining the reactivity of a certain 

aggregate combination.  

Criaud et al. (1994) conducted a series of experiments in order to evaluate the 

French standard methods for assessing the reactivity of aggregates with respect to the 

alkali-aggregate reaction. One of the tests under consideration was the Kinetic Test. 
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Special attention was given to those aggregates with chert contents in excess of 60%, 

which were considered potentially reactive ‘pessimum’ aggregates. The test was found to 

satisfactorily identify these aggregate types.  

Previous work done at the Concrete Durability Center (CDC) at the University of Texas 

at Austin (UT Austin) 

The first time an ‘odd’ behavior was observed in certain aggregate sources was 

during the research carried out for Project 0-4085 of the Texas Department of 

Transportation, TxDOT (Folliard et al., 2006). The cited report summarizes the overall 

findings of that project, along with some results developed for Project 302 of the 

International Center for Aggregate Research, ICAAR. Among other data, expansion 

results for a total of 17 coarse aggregates evaluated in ASTM C 1260, ASTM C 1293  

and outdoor exposure blocks were reported.   

In general, when an aggregate passes the AMBT (ASTM C 1260) it is considered 

to have a low reactivity level, mainly because of the highly aggressive environment of the 

test. However, five of the 17 aggregates studied passed this test (expansion < 0.100% at 

14 days) but showed deleterious levels of expansion (> 0.040% at one year) in the more 

reliable CPT (ASTM C 1293). Furthermore, four out of these five aggregates showed 

expansions far in excess of the 0.040% limit for concrete in the outdoor exposure blocks, 

confirming their poor performance with regard to ASR. These results are significant 

because in many cases, the acceptance or rejection of an aggregate source is based solely 

on the AMBT results.  

The source and mineralogy of the aggregates that presented this unusual behavior 

are given below. It must be noted that three out of the five aggregates contained chert, 

and that the problem is not restricted to the state of Texas: 

 Eagle Lake, Texas: chert and quartzite 
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 Ashtown, Arkansas: mixed quartz and chert 

 Victoria, Texas: chert with quartz and limestone 

 North East, Maryland: mixtures of granodiorite and metadacite 

 North Garden, Virginia: granitic gneiss and metarhyolite 

As a possible explanation for these results, Folliard et al. (2006) proposed that the 

processing required to test coarse aggregates in the AMBT (crushing, sieving and 

washing) may affect the textural characteristics of the material and that some of its 

reactive constituents might be washed away, reducing the aggregate’s reactivity. This 

idea, along with the possible existence of a ‘pessimum’ effect in the AMBT was further 

explored by East (2007). 

Research done by East (2007) on this topic was based mainly on the use of the 

Concrete Microbar Test (CMBT), which has the same testing conditions as the AMBT 

(concentration of the soak solution and temperature of the test) except for the aggregate 

gradation requirements. The CMBT uses only particles passing the 1/2" and retained on 

the 3/8” sieve. The use of a larger sieve size is considered one of the advantages of the 

test, since it is thought that it better preserves the textural and mineralogical 

characteristics of the original coarse aggregate. A series of AMBT were the amount of 

reactive aggregate was reduced to 60% and 70% by combining it with a non-reactive fine 

aggregate was also performed. 

CMBT tests were carried out using three different cement to aggregate ratios 

(10:1, 2:1 and 1:1), and it was found that the controlling ratio depends on the aggregate 

source. When plotting expansion vs. time for each aggregate with its controlling ratio, a 

difference was found between the ‘odd’ behaving aggregates (the ones that pass the 

AMBT but fail the CPT) and those that pass both the AMBT and the CPT. Based on 

these results, an expansion limit of 0.100% at 28 days was proposed. Nonetheless, the 
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need for more work to confirm this was emphasized. As for the AMBT results, no 

increase in expansion was observed by reducing the volume of reactive aggregate, 

therefore, no ‘pessimum’ effect was detected by these variations of the test.  

The hypothesis of coarse aggregates passing the AMBT due to washing away of 

the reactive phases during the processing required for the test was further explored by 

Garber (2006). Three of the five aggregates that presented an ‘odd’ behavior in Project 0-

4085 of TxDOT were tested in ASTM C 1260 without being washed after crushing. The 

effect of washing on the aggregate’s reactivity in the AMBT was found to depend on the 

aggregate source. For two of the aggregates tested, the processing resulted in slightly 

reduced reactivity. However, all the unwashed aggregates still passed the AMBT test 

(expansions were lower than 0.100% at 14 days).   

Later on, an investigation by Hargis (2009) studied the relationship between the 

reactivity of coarse and fine aggregates from a same quarry, and the silica solubility of 

various aggregates in an attempt to shed some light on the effectiveness of the AMBT to 

assess the reactivity of certain coarse aggregates. The same five aggregates that were 

studied by the previous investigations were tested in the Chemical Method (ASTM C 

289) to determine the amount of silica that they can put into solution. In addition, 19 pairs 

of coarse and fine aggregates from a same quarry were tested in the AMBT, and three of 

these pairs were also tested in ASTM C 289.  

A trend was observed were, for 11 out of the 19 quarries evaluated, the coarse 

aggregate passed the AMBT and the fine aggregate failed the test. However, opposite 

results were obtained from ASTM C 289. It was found that the amount of soluble silica 

was higher in the coarse aggregates than for their corresponding fine aggregates. This 

difference in reactivity was most likely due to differences in the mineralogical 

composition of these aggregates.  
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By correlating the results from the AMBT and ASTM C 289, it was determined 

that only aggregates with mid-range silica solubility exhibit significant expansions in the 

AMBT and that aggregates with the highest amounts of soluble silica pass the test. If too 

much silica is put into solution, the amount of alkalies becomes a rate limiting factor for 

the reaction. The excess silica might react with the calcium hydroxide to produce C-S-H, 

reducing the mortar’s permeability and thus the ingress of alkalies. Furthermore, for the 

five original coarse aggregates, the amount of expansion in the CPT was found to be 

directly proportional to the quantity of soluble silica. This confirms that aggregates with 

high amounts of soluble silica are highly reactive; the absence of expansion in the AMBT 

corresponds to a ‘pessimum’ effect in those testing conditions.  

As a recommendation to observe expansion of the ‘pessimum’ aggregates in the 

AMBT, it was suggested that the internal amount of alkalies in the mortar bars be 

increased, by either raising the cement to aggregate ratio or by boosting the alkali content 

of the cement. This would provide the required amount of alkalies to produce significant 

expansions. 
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Chapter 3: Experimental procedures 

 

3.1. MORTAR BAR METHOD (ASTM C1260) 

A total of 36 coarse aggregates were evaluated using the “Standard Test Method 

for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method)” (ASTM C 1260, 

2007c). This method was selected as the first test to be performed on the chosen 

aggregates because it is the most common one used to determine reactivity with respect 

to ASR. A description of the materials used to perform the test and a brief summary of 

the procedure are given below. 

3.1.1. Materials 

Type I portland cement (as per ASTM C 150) was used to cast all the mortar bars. 

According to the standard, the alkali content of the cement has been proven to have 

negligible or minor influence on the expansion recorded in this test procedure. Table 3.1 

provides the composition of this cement. The cement was passed through an 850-μm 

sieve (No. 20) to remove any lumps before use.  

 

Table 3.1: Chemical composition of the portland cement used in ASTM C 1260 

Silicon 

dioxide 

Aluminum 

oxide 

Iron 

oxide 

Calcium 

oxide 

Magnesium 

oxide 

Sulfur 

trioxide 

Sodium 

oxide 

Potassium 

oxide 

Total 

alkalies 

SiO2 

(%) 

Al2O3  

(%) 

Fe2O3 

(%) 

CaO 

(%) 

MgO  

(%) 

SO3 

(%) 

Na2O 

(%) 

K2O 

 (%) 

Na2Oe 

(%) 

18.63 5.36 2.56 64.42 1.12 3.29 0.111 0.98 0.76 

 

A group of 36 aggregates was selected by the Texas Department of Transportation 

(TxDOT) to be evaluated in ASTM C1260. The aggregates chosen were suspected of 
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showing the ‘odd’ behavior described in Chapter 2 (passing the AMBT but failing the 

CPT), due to either previous performance or to the location of the aggregate source. 

Furthermore, according to an evaluation carried out by TxDOT, all the fine aggregates 

from the coarse aggregate sources selected failed ASTM C 1260 except for C3, from 

Brownwood, TX. In addition to this group, results from six coarse aggregates evaluated 

by Hargis (2009) were used in this investigation.  

A list of all the coarse aggregates tested, along with the location of their source, is 

presented in Table 3.2. The first 36 aggregates correspond to the ones selected by 

TxDOT. The remaining six aggregates (shaded in grey) are the ones previously studied 

by Hargis (2009). Aggregate C37, from Eagle Lake, TX, was re-evaluated because data 

from the previous investigation was missing.  

3.1.2. Test procedure 

ASTM C 1260 is an accelerated test in which mortar bars are immersed in a 1 N 

sodium hydroxide (NaOH) solution at 80 
o
C (176 

o
F) for a minimum period of 14 days. 

The longitudinal expansion of the mortar bars at 14 days is the parameter used to 

determine whether the aggregate is reactive or not with respect to ASR. The main steps 

involved in the test procedure are described below.  

The aggregates must comply with the grading requirements provided in  

Table 3.3. Since all the aggregates tested were coarse aggregates, they had to be 

processed in order to fulfill this requirement. Each aggregate was first crushed with the 

Chipmunk VD67 jaw crusher (manufactured by Bico Inc.), then pulverized using a type 

UA disk pulverizer (manufactured by Bico Inc.) and finally sieved to separate the 

different size fractions. Afterwards, each size fraction was washed and dried in an oven at 

100 
o
C (212 

o
F) for at least 24 hours. 
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Table 3.2: Coarse aggregates evaluated with ASTM C 1260 

ID City State  ID City State 

C1 Ellinger TX C22 Belmena TX 

C2 Baton Rouge LA C23 Robstown TX 

C3 Brownwood TX C24 Bryan TX 

C4 La Grange TX C25 Palmview TX 

C5 Altair TX C26 Marsh TX 

C6 Columbus TX C27 Centerpoint TX 

C7 La Grange TX C28 Brookshire TX 

C8 San Angelo TX C29 Austin TX 

C9 Columbus TX C30 Del Rio TX 

C10 Eagle Pass TX C31 Sullivan City TX 

C11 La Grange TX C32 Alto Bonito TX 

C12 La Joya TX C33 Chatfield TX 

C13 Palmhurst TX C34 Bristol TX 

C14 Austin TX C35 North East MD 

C15 Simonton TX C36 North Garden VA 

C16 Sullivan City TX  C37 Eagle Lake TX 

C17 Eagle Pass TX C38 Altair TX 

C18 Temple TX C39 Victoria TX 

C19 Austin TX C40 La Grange TX 

C20 Austin TX C41 Garwood TX 

C21 Austin TX C42 Arkansas AR 

 

Table 3.3: Aggregate grading requirements for ASTM C 1260  

Sieve size 
Mass (%) 

Passing Retained on 

4.75 mm (No. 4) 2.36 mm (No. 8) 10 

2.36 mm (No. 8) 1.18 mm (No. 16) 25 

1.18 mm (No. 16) 600 μm (No. 30) 25 

600 μm (No. 30) 300 μm (No. 50) 25 

300 μm (No. 50) 150 μm (No. 100) 15 
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After processing the aggregates, the molds were prepared, the mortar was mixed 

according to the “Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes 

and Mortars of Plastic Consistency” (ASTM C 305, 2011) and the specimens were cast. 

Four mortar bars of 25 mm x 25 mm x 285 mm (1 in. x 1 in. x 11.25 in.) were cast for 

each aggregate tested. For proportioning the mortar, the size fractions were recombined 

to obtain a total of 1320.0 g (2.9 lb) of aggregate, which was mixed with 586.7 g (1.3 lb) 

of cement; this corresponds to 2.25 parts of aggregate per each part of cement. The water 

to cement ratio used was 0.47 by mass.  

Immediately after casting, the specimens were placed in the moist room and 

covered with plastic for a period of 24 ± 2 hours. After this time, they were removed 

from their molds, clearly labeled and a first length measurement was taken. 

Subsequently, the specimens were placed in plastic containers with enough water to 

cover them completely. These containers were placed in an oven at 80 
o
C (176 

o
F) for a 

period of 24 hours. A mold, a mortar bar specimen and the storage conditions used can be 

seen in Figure 3.1.  

After 24 hours of storage in water at 80 
o
C (176 

o
F), the containers were removed 

one at a time from the oven to take the initial readings; these were taken as the reference 

point to determine the expansion percentage of each bar throughout the test. Next, the 

bars were placed in a plastic container with 3100 g (6.8 lb) of 1 N NaOH solution at 

80 
o
C (176 

o
F), hermetically sealed and put in an oven at that same temperature. 

Subsequent comparator readings were taken at 3, 5, 7, 10, 14, 21 and 28 days. The 

equipment used to take these measurements can be seen in Figure 3.2. Each reading was 

taken between 10 to 20 s after the bar was removed from the storage container, to prevent 

the temperature change from affecting the data.  
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Figure 3.1: a) dual gang mortar bar mold and mortar bar specimen used for 

ASTM C 1260, b) storage conditions for the specimens 

 

 

Figure 3.2: Length comparator used to measure the length change of ASTM C 1260 

specimens 

a) b)



 40 

The expansion percentage for each measurement was calculated as the difference 

between the length of the bar at a given time period and the length at day zero, divided by 

the distance between gage studs embedded inside the bars, which was taken as 250 mm 

(10 in.) for all specimens. At each time period, the reported expansion percentage was 

taken as an average expansion of the four mortar bars.  

3.1.3. Modifications to the standard test method 

In order to understand better the ‘pessimum’ behavior of aggregates and whether 

the use of supplementary cementitious materials (SCMs) could suppress their reactivity at 

or close to the ‘pessimum’ proportion, some modifications to the standard test procedure 

were made. The changes were the following: 

 Use of a non-reactive aggregate to replace part of the aggregate being tested. 

 Modifying the normality of the soak solution. 

 Replacing part of the cement with a SCM. 

Each of these modifications will be described below. 

Combining the aggregate under evaluation with a non-reactive aggregate 

As it was discussed in the literature review (Chapter 2), replacing part of the 

reactive aggregate in the AMBT with a non-reactive material is a way to obtain the 

‘pessimum’ curve. When using 100% of the reactive aggregate, as is done in ASTM C 

1260, the amount of silica present in the mixture might be too high and therefore far from 

the ‘pessimum’. The goal of testing lower percentages of the reactive aggregate is to 

move the alkali to silica ratio closer to the ‘pessimum’ proportion.  

The overall procedure followed was the same as for the standard test method. The 

only difference was that a percentage, by mass, of each of the size fractions of the 

aggregate being tested was replaced with a non-reactive limestone fine aggregate from 
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San Antonio, Texas. The latter was sieved and subsequently washed before use. With this 

method of replacement, the grading requirements of ASTM C 1260 were still met. Each 

aggregate tested was replaced by 50 and 75% of the non-reactive limestone. The 

aggregate batching quantities used are given in Table 3.4. 

 

Table 3.4: Aggregate batching quantities when 50 and 75% of the reactive aggregate was 

replaced by a non-reactive limestone 

50% replacement  75% replacement 

Reactive aggregate: 50% Reactive aggregate: 25% 

Sieve size Mass (%) Mass (g)  Sieve size Mass (%) Mass (g) 

No. 8 10 66.0  No. 8 10 66.0 

No. 16 25 165.0  No. 16 25 165.0 

No. 30 25 165.0  No. 30 25 165.0 

No. 50 25 165.0  No. 50 25 165.0 

No. 100 15 99.0  No. 100 15 99.0 

Sub-total - 660.0  Sub-total - 660.0 

Non-reactive aggregate: 50% Non-reactive aggregate: 75% 

Sieve size Mass (%) Mass (g)  Sieve size Mass (%) Mass (g) 

No. 8 10 66.0  No. 8 10 66.0 

No. 16 25 165.0  No. 16 25 165.0 

No. 30 25 165.0  No. 30 25 165.0 

No. 50 25 165.0  No. 50 25 165.0 

No. 100 15 99.0  No. 100 15 99.0 

Sub-total - 660.0  Sub-total - 660.0 

Total 
 

1320.0 Total 
 

1320.0 

 

Out of the initial group of 36 aggregates selected by TxDOT, the aggregates with 

an expansion percentage equal to or less than 0.062% at 14 days in ASTM C 1260 were 

selected to be tested with this modified procedure. These aggregates corresponded to C2, 

C3, C4, C5, C7, C9, C22, C23 and C36 (see Table 3.2). The expansion value used to 
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select them was chosen arbitrarily in order to obtain an amount of aggregate sources that 

would not exceed the time limitations of this investigation.  

Due to previous possible ‘pessimum’ performance identified by Hargis (2009), 

aggregates C13, C37, C38, C39 and C40 were also tested (see Table 3.2). In addition, to 

determine how aggregates with high expansions in ASTM C1260 would respond to the 

proposed modification, three aggregates (C18, C30 and C35) that either failed that test or 

presented expansions in excess of 0.090% at 14 days were evaluated. 

The entire ‘pessimum’ curve was obtained for aggregate C40. To accomplish this, 

in the same way as described above, the reactive material was replaced by 50, 65, 75, 80, 

90, 95, 98 and 100% of the non-reactive limestone. 

Modifying the normality of the soak solution 

The goal of modifying the normality of the NaOH solution was to move the alkali 

to silica ratio closer to the ‘pessimum’ proportion by increasing the amount of alkalies 

rather than reducing the amount of silica. Only aggregate C40 was tested with this 

modification. The overall procedure followed was the same as for the standard test 

method. The only difference was the concentration of the NaOH solution. Solutions with 

a normality of 0.25, 2, 3 and 4 were prepared. The solutions were titrated to make sure 

the desired concentration was actually obtained. 

Use of supplementary cementitious materials (SCMs) 

The ASTM C 1260 test method is commonly used to evaluate the amount of a 

certain SCM required to suppress expansion due to ASR. Since fly ash is one of the most 

effective materials used for this purpose, the goal of this modification was to determine if 

it could mitigate the expansion generated by a ‘pessimum’ aggregate at or close to its 

‘pessimum’ proportion. 



 43 

Three different fly ashes were considered; two of them were Class C ashes and 

the third one was a Class F ash. The source location and the chemical composition of the 

fly ashes used in this study are presented in Table 3.5. 

Only the aggregates identified as C5, C7, C22 and C37 were evaluated with this 

modification. As will be seen in the next chapter, these aggregates expanded the most 

when replaced by 75% of the non-reactive aggregate. Therefore, this specific 

combination was chosen to test the effectiveness of fly ash to mitigate expansion. For 

each one of the aggregates mentioned, a percentage of the cement, by mass, was replaced 

with the three fly ashes described in Table 3.5. The cement and fly ash batching 

quantities used are given in Table 3.6. 

 

Table 3.5: Source location and chemical composition of the fly ashes tested in ASTM 

C 1260 

Fly ash ID FA1 FA2 FA3 

Source location 
Cason,  

TX 

Oklaunion, 

TX 

Tatum,  

TX 

Type of fly ash (based on CaO content) Class C Class C Class F 

Chemical tests 

Silicon Dioxide, SiO2 (%) 30.76 36.36 54.75 

Aluminum Oxide, Al2O3 (%) 17.75 17.44 19.92 

Iron Oxide, Fe2O3 (%) 5.98 6.08 8.66 

Sum of SiO2, Al2O3, Fe2O3 (%) 54.49 59.88 83.33 

Calcium Oxide, CaO (%) 28.98 25.68 9.37 

Magnesium Oxide, MgO (%) 6.55 6.15 2.43 

Sulfur Trioxide, SO3 (%) 3.64 2.03 0.46 

Sodium Oxide, Na2O (%) 2.15 1.90 0.64 

Potassium Oxide, K2O (%) 0.30 0.46 1.13 

Total Alkalies, Na2O (%) 2.35 2.20 1.38 

Physical tests 

Loss on Ignition (%) 0.44 0.58 0.80 
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Table 3.6: Cementitious materials batching quantities used when testing fly ashes in 

ASTM C 1260 

Type of 

fly ash 

Cement 

(%) 

Cement 

(g) 

Fly ash 

(%) 

Fly ash 

(g) 

Total cementitious 

materials (g) 

Class C 55.0 322.7 45.0 264.0 586.7 

Class F 75.0 440.0 25.0 146.7 586.7 

 

After the replacements indicated above were done, the procedure followed was 

exactly the same as described in ASTM C 1260. 

 

3.2. CONCRETE MICROBAR TEST 

A total of 5 coarse aggregates were evaluated using the Concrete Microbar Test 

(CMBT), which does not correspond to any of the current ASTM standard procedures. 

This method was selected to evaluate if, by reducing the amount of crushing and 

pulverizing and therefore better preserving the original characteristics of the aggregates, 

the possibly ‘pessimum’ aggregates would generate expansion. This was achieved by 

testing a larger size fraction of the reactive aggregate. A description of the materials used 

to perform the test and a brief summary of the procedure are given below. 

3.2.1. Materials 

Type I portland cement (as per ASTM C 150) was used to cast all the mortar 

prisms. The composition of this cement was provided in Table 3.1. The cement was 

passed through an 850-μm sieve (No. 20) to remove any lumps before use.  

The following group of 5 aggregates was selected to be analyzed in this test: C2, 

C13, C37, C38 and C40 (see Table 3.2). The aggregates were randomly chosen between 
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the ones that had been tested with the aggregate combination modification, as a first 

sample to determine whether the goal of performing this test would be achieved or not.   

3.2.2. Test procedure 

The Concrete Microbar Test (CMBT) is an accelerated test in which mortar 

prisms are immersed in a 1 N sodium hydroxide (NaOH) solution at 80 
o
C (176 

o
F) for a 

period of 30 days. The longitudinal expansion of the mortar prisms at 30 days is the 

parameter used to determine whether the aggregate is reactive or not with respect to ASR. 

The main steps involved in the procedure are the same ones described for ASTM C 1260, 

with some minor changes. 

Based on the recommendation made by East (2007), the only size fraction used in 

this test was the one passing the 4.75 mm (No. 4) sieve and retained on the 2.36 mm 

(No. 8) sieve. Using the same equipment used for ASTM C 1260, all the aggregates 

tested were crushed, pulverized and sieved to obtain this specific fraction. Afterwards, 

each sample was washed and dried in an oven at 100 
o
C (212 

o
F) for at least 24 hours. 

After processing the aggregates, the molds were prepared, the mortar was mixed 

(according to ASTM C 305) and the specimens were cast. Three mortar prisms of 40 mm 

x 40 mm x 160 mm (1.55 in. x 1.55 in. x 6.25 in.) were cast for each aggregate tested. A 

total of 1410.0 g (3.1 lb) of aggregate was mixed with 626.7 g (1.4 lb) of cement; this 

corresponds to 2.25 parts of aggregate per each part of cement. The water to cement ratio 

used was 0.47 by mass. Both of these ratios were kept the same as for ASTM C 1260 to 

prevent them from interfering in the effect of aggregate size and grading on expansion. 

After casting, the specimens were handled and stored in exactly the same way as 

the mortar bars in ASTM C 1260. A mold and a mortar prism specimen can be seen in 

Figure 3.3.  
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Figure 3.3: CMBT mold and mortar prism specimen used for the Concrete Microbar Test 

 

After initial readings were taken, the bars were placed in a plastic container with 

3310 g (7.3 lb) of 1 N NaOH solution at 80 
o
C (176 

o
F), hermetically sealed and put in an 

oven at that same temperature. Subsequent comparator readings were taken at 3, 5, 7, 10, 

14, 21 and 30 days. The comparator equipment was the same used for ASTM C 1260 (see 

Figure 3.2). 

The expansion percentage for each reading was calculated as the difference 

between the length of the prism at a given time period and the length at day zero, divided 

by the distance between gage studs embedded inside the prisms, which was taken as 

125 mm (5 in.) for all specimens. At each time period, the reported expansion percentage 

was taken as an average expansion of the three mortar prisms.  
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3.3. CONCRETE PRISM TEST (ASTM C1293) 

A total of 15 coarse aggregates were evaluated using the “Standard Test Method 

for Determination of Length Change of Concrete Due to Alkali-silica Reaction” (ASTM 

C 1293, 2008b). This method was chosen because it provides, excluding concrete blocks 

on outdoor exposure sites, the most reliable prediction of an aggregate’s reactivity with 

respect to ASR. A description of the materials used to perform the test and a summary of 

the procedure are given below. 

3.3.1. Materials 

Type I portland cement (as per ASTM C 150) was used to cast all the concrete 

specimens. The total alkali content of the cement was 0.76%, the specific gravity 3.15 

and the unit weight 37.02 kg/m
3
 (62.40 lb/yd

3
). Table 3.1 provides its composition. 

Out of the initial group of 36 aggregates selected by TxDOT, the ones with an 

expansion percentage equal to or less than 0.062% at 14 days in ASTM C 1260 were 

selected to be tested in ASTM C 1293. These aggregates corresponded to C2, C3, C4, C5, 

C7, C9, C22 and C23 (see Table 3.2). Aggregate C13 failed ASTM C1260, but it was 

included by request of TxDOT. The expansion value used to select these aggregates was 

chosen arbitrarily in order to obtain an amount of aggregate sources that would not 

exceed the time limitations of this investigation. Two of the aggregates previously 

studied by Hargis (2009) (C41 and C42, see Table 3.2) were also tested, due to missing 

information from this previous investigation. In addition, results from four coarse 

aggregates evaluated by Hargis (2009) (C37, C38, C39 and C40, see Table 3.2) were 

included. 

The goal of performing this test on aggregates that showed low expansions in 

ASTM C 1260 was to confirm whether they were truly innocuous or if they were 
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possibly ‘pessimum’ aggregates, which presented the pass-fail ‘odd’ behavior observed 

by Folliard et al. (2006). 

3.3.2. Test procedure 

ASTM C 1293 is a non-accelerated test in which concrete prisms are stored in 

sealed containers (5 gallon buckets) with 100% relative humidity at a temperature of 

38 
o
C (100 

o
F) for a period of one year. The longitudinal expansion of the concrete 

prisms at one year is the parameter used to determine whether the aggregate is reactive or 

not with respect to ASR. The main steps involved in the procedure are described below. 

All the aggregates evaluated in this test were coarse aggregates, and they are 

required to comply with the grading requirements provided in Table 3.7. To accomplish 

this, they were first sieved and then recombined in the specified proportions.  

 

Table 3.7: Coarse aggregate grading requirements in ASTM C 1293  

Sieve size 
Mass Fraction 

Passing Retained on 

19.0 mm (3/4”) 12.5 mm (1/2”) 1/3 

12.5 mm (1/2”) 9.5 mm (3/8”) 1/3 

9.5 mm (3/8”) 4.75 mm (No. 4) 1/3 

 

According to the standard, to evaluate the reactivity of a coarse aggregate, it must 

be tested in combination with a non-reactive fine aggregate. A limestone fine aggregate 

from San Antonio, Texas was used for this purpose. This sand presented an expansion of 

0.010% at 14 days in ASTM C 1260 and has a fineness modulus of 2.9. Therefore, it 

meets the requirements established by ASTM C 1293.  
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After processing the aggregates, the molds were prepared, the concrete was mixed 

according to the “Standard Practice for Making and Curing Concrete Test Specimens in 

the Laboratory” (ASTM C 192, 2007a) and the specimens were cast. Four concrete 

prisms of 75 mm x 75 mm x 285 mm (3 in. x 3 in. x 11.25 in.) were cast for each 

aggregate tested. To proportion the concrete, the following requirements were 

considered: 

 Cement content: 420 kg/m
3
 (708 lb/yd

3
). 

 Dry mass of coarse aggregate per unit volume: 0.70 times the dry-rodded bulk 

density of the aggregate. 

 Water to cement ratio: 0.42 by mass. 

 Sodium hydroxide addition: the alkali content of the cement was increased to 

1.25% by mass. This was done by integrating 59 g (0.13 lb) of a solution of 50% 

sodium hydroxide by weight in the mixing water for the concrete.  

After casting and finishing the specimens, they were placed in the moist room for 

a period of 23.5 ± 0.5 hours. After this time, they were removed from their molds, clearly 

labeled and the initial reading was taken. Subsequently, the specimens were placed in 

storage containers (see Figure 3.4). These containers consisted of air tight plastic buckets 

filled with 20 ± 5 mm (0.8 ± 0.2 in.) of water, provided with a stand to keep the 

specimens 30 to 40 mm (1.2 to 1.6 in.) above the bottom, without touching the water. In 

addition, a wick of absorbent material was placed around the inside wall of the bucket. 

The containers were then placed in a 38 ± 2 
o
C (100 ± 36 

o
F) storage environment until 

the next measurement period.  

Comparator readings were taken at 7, 14 and 28 days and also at 3, 6, 9 and 12 

months. Before each reading, the storage containers were placed in a temperature 
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controlled room at 23 
o
C (73 

o
F) for 16 ± 4 hours. The comparator equipment used to take 

measurements was the same as for ASTM C 1260 (see Figure 3.2).  

The expansion percentage for each reading was calculated as the difference 

between the length of the prism at a given time period and the initial length, divided by 

the distance between gage studs embedded inside the prisms, which was taken as 250 mm 

(10 in.) for all specimens. At each time period, the reported expansion percentage was 

taken as an average expansion of the four concrete prisms.  

 

 

Figure 3.4: Storage containers used for ASTM C 1293 

 

3.4. CHEMICAL METHOD (ASTM C289) 

A total of 13 aggregate sources were evaluated using the “Standard Test Method 

for Potential Alkali-Silica Reactivity of Aggregates (Chemical Method)” (ASTM C 289, 

2007b). Both the coarse and fine aggregates from each source were tested. This method 

was performed on the coarse aggregates to determine if it could be used to identify or 
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verify a possibly ‘pessimum’ behavior. It was performed on the fine aggregates to 

confirm the high reactivity determined by the ASTM C 1260 tests performed by TxDOT. 

A description of the materials used in the test and a summary of the procedure are given 

below. 

3.4.1. Materials 

Out of the initial group of 36 aggregate sources selected by TxDOT, the ones for 

which the coarse aggregate gave an expansion percentage equal to or less than 0.062% at 

14 days in ASTM C 1260 were selected to be tested in ASTM C 289. These aggregates 

corresponded to C2, C3, C4, C5, C7, C9, C22 and C23 (see Table 3.2). Aggregate C13 

failed ASTM C1260, but it was included by request of TxDOT. The expansion value 

used to select these aggregates was chosen arbitrarily in order to obtain an amount of 

aggregate sources that would not exceed the time limitations of this investigation. Four of 

the aggregates previously studied by Hargis (2009) (C37, C38, C39 and C40, see Table 

3.2) were also tested. In summary, all the aggregates tested in ASTM C 1293 were also 

tested in ASTM C 289, except for C41 and C42. 

All the fine aggregates corresponding to the same source of the coarse aggregates 

mentioned above were evaluated as well. They will be identified with the same number 

of the companion coarse aggregate, but the “C” will be replaced by an “F”.  

3.4.2. Test procedure 

ASTM C 289 is an accelerated test in which a specific size fraction of an 

aggregate is submerged in a 1 N sodium hydroxide (NaOH) solution at 80 
o
C (176 

o
F) for 

a 24 hour period. After this time has passed, the amount of dissolved silica and the 

reduction in alkalinity of the solution are measured. These two parameters are used to 
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determine whether the aggregate is reactive or not with respect to ASR. The main steps 

involved in the procedure are described below. 

The test can be used for both coarse and fine aggregates. For either one, the 

sample is constituted completely of particles passing the 300 μm (No. 50) sieve and 

retained on the 150 μm (No. 100) sieve. In order to obtain the test sample required for 

each aggregate type, the following procedure was used: 

 Fine aggregates: they were sieved to separate the specified size fraction, and then 

washed over the 150 μm (No. 100) sieve and dried for a period of 20 ± 4 hours in 

an oven at 105 ± 5 
o
C (221 ± 41 

o
F). 

 Coarse aggregates: each aggregate was first crushed with the Chipmunk VD67 

jaw crusher (manufactured by Bico Inc.), then pulverized using a type UA disk 

pulverizer (manufactured by Bico Inc.) and finally sieved to separate the specified 

size fraction. The crushing procedure followed was the one stated in ASTM C 

289, which gives the guidelines to avoid over-crushing the samples. Once the 

needed size fraction was obtained, it was washed and dried in the same way as the 

fine aggregates.  

After processing the aggregates, the samples for the reaction procedure were 

prepared. For each one, 25.00 ± 0.05 g (0.882 ± 0.002 oz) of aggregate were weighed and 

placed into an air tight stainless-steel reaction container along with 25 ml (1.53 in
3
) of 

1 N NaOH solution. The container was then sealed and slightly swirled to liberate 

trapped air. Next, it was placed in a water bath at 80 ± 1 
o
C (176 ± 34

 o
F) for a period of 

24 ± ¼ hours. Two samples were prepared for each of the aggregates tested. For the 

coarse aggregates, four additional samples were prepared and tested; two of them 

remained in the water bath for a period of 48 ± ¼ hours and the other two for a period of 
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72 ± ¼ hours. The reaction containers used and the storage conditions are shown in 

Figure 3.5. 

 

 

Figure 3.5: a) reaction containers, b) water bath used to keep the samples in the oven for 

the time period specified in ASTM C 289 

 

After the specified time period, each container was removed from the water bath 

and cooled under running tap water for 15 ± 2 minutes. The solution was then filtered 

using a porcelain Gooch crucible, with a disk of rapid, analytical-grade filter paper, 

which was placed over a conical filtering flask attached to a vacuum pump. A test tube 

a)

b)
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was placed inside the flask to collect the filtrate. After the solution was filtered, the 

aggregate sample was placed and packed inside the crucible and the vacuum was applied 

for approximately two minutes at a pressure of 51 kPa (15 in. of mercury). The filtrate 

was then diluted 20 times for further analysis. A picture of the test setup can be seen in 

Figure 3.6. 

 

 

Figure 3.6: Test setup used for filtering the samples in ASTM C 289 

 

A total of four ‘blank’ samples were processed in the same way as described in 

the paragraphs above, except no aggregate was placed in the reaction containers. Three of 

them remained in the water bath for 24 hours and the fourth one for 72 hours. No 

significant difference was found in the results for the different time periods.  

Vacuum pumpConical 

filtering flask

Test tube

Gooch crucible

15 in. HG



 55 

All the samples were titrated to the phenolphthalein end point with a standardized 

0.05 N hydrochloric acid (HCl) solution. The milliliters of the HCl solution required to 

titrate each sample were recorded, and the reduction in alkalinity was calculated as 

follows: 

   
    

  
 (     )       

[1] 

, where: 

Rc: reduction in alkalinity (mmol/L) 

DF: dilution factor (20 was used for all samples) 

N: normality of the HCl solution used for the titration 

V1: milliliters of the diluted filtrate used for the titration (20 ml were used for all samples) 

V2: milliliters of HCl solution used to reach the phenolphthalein end point in the sample 

V3: average milliliters of HCl solution used to reach the phenolphthalein end point in the 

four ‘blank’ samples. 

To determine the amount of dissolved silica in each sample the technique known 

as inductively coupled plasma mass spectrometry (ICP-MS) was utilized. The specific 

equipment used was the XSERIES 2 ICP-MS manufactured by Thermo Scientific, owned 

by TxDOT; it can be seen in Figure 3.7. In order to evaluate the samples using this 

instrument, they were diluted 20 times more, giving a total dilution factor of 

approximately 400 times. Also, their pH was lowered to a value between 1.7 and 1.9 by 

adding one to two milliliters of a 1 N nitric acid solution. The results given by the 

equipment were multiplied by the dilution factor to obtain the actual amount of dissolved 

silica in the original sample. 
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Figure 3.7: Inductively coupled plasma mass spectrometry equipment used to determine 

the amount of dissolved silica in ASTM C 289 

 

From Equation [1], the alkali concentration remaining in each sample can also be 

determined if the subtraction of V3 and V2 is substituted by V2 alone. The silica to alkali 

ratio (SiO2/Na2O) was calculated by dividing the dissolved silica concentration by the 

remaining alkali concentration in each sample. 

 

3.5. PETROGRAPHIC EXAMINATION OF AGGREGATES 

This test was not performed as part of the experimental program of this 

investigation due to economical limitations. Nonetheless, results from four aggregate 

sources (C13, C38, C39 and C40, see Table 3.2) previously studied by Hargis (2009) 

were included. These sources were analyzed by an experienced petrographer according to 

the “Standard Guide for Petrographic Examination of Aggregates for Concrete” (ASTM 

C 295, 2008a).  

ICP-MS

Sample holder
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For each of the sources mentioned both the fine and the crushed coarse aggregate, 

graded according to the requirements of ASTM C 1260 (see  

Table 3.3), were analyzed. In addition, an as received coarse aggregate sample 

from C40 was evaluated. The mineral constituents by weighted percent were determined 

for each sample.  

Even though this method was not carried out for this investigation, the results 

available were included because they are considered very valuable. As it was mentioned 

in Chapter 2, petrography can identify the content of the varieties of silica that might 

cause a ‘pessimum’ behavior in an aggregate. When applied as a screening method, it is 

the first clue that indicates the possibility of having a ‘pessimum’ aggregate. Such 

information can help select a testing program suited for this type of aggregates and 

interpret its results.  

 

3.6. SCHEMATIC OF THE EXPERIMENTAL PROGRAM 

After describing all the tests that were part of the experimental program for this 

investigation, a schematic summary of the work done is presented in Figure 3.8. Some 

minor details about the overall experimental process, explained in the previous sections 

of this chapter, were omitted from this figure but the general logic followed is presented. 
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Figure 3.8: Schematic summary of the experimental program 
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replaced by 50, 65, 75, 80, 90, 95, 98 and 
100% of the non-reactive limestone)

Tests conducted as part of this investigation

Tests conducted by TxDOT

Tests conducted as part of Hargis’s investigation (2009)
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Chapter 4: Results and discussion 

 

4.1. ACCELERATED TEST PROCEDURES 

In this section, the results from the following accelerated test procedures will be 

presented: the Mortar Bar Method (ASMT C 1260) and modifications, the Concrete 

Microbar Test (CMBT) and the Chemical Method (ASTM C 289). 

4.1.1. Mortar bar method (ASTM C 1260) 

As mentioned in Chapter 3, the average expansion percentage at 14 days is the 

parameter used in this test method to determine if an aggregate is considered innocuous 

or reactive with respect to ASR. The standard suggests the following interpretation: 

 Innocuous behavior: expansions of less than 0.100% at 14 days 

 Potentially deleterious: expansions between 0.100% and 0.200% at 14 days 

 Deleterious: expansions of more than 0.200% at 14 days 

However, for the purpose of this investigation, aggregates will be classified in 

only two categories: non-reactive for expansions lower than 0.100% at 14 days (these 

aggregates are said to pass the test) and reactive for expansions greater than 0.100% at 14 

days (these aggregates are said to fail the test).   

Expansion results at 14 and 28 days for all the coarse aggregates considered are 

presented in Table 4.1. The expansion results at 14 days for all the fine aggregates 

considered are presented in Table 4.2. In both tables, expansion percentages greater than 

0.100% are shaded in grey and bolded; they indicate aggregate sources that fail ASTM C 

1260. 

Based on the 14 day expansions given in Table 4.1, the coarse aggregate sources 

from Texas were identified as reactive or non-reactive. In Figure 4.1, each source was 
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mapped in red color if it failed the test and in green if it passed the test. All the fine 

aggregates from these supposedly non-reactive sources failed the test, which could be an 

indication of ‘pessimum’ behavior in the companion coarse aggregates. From the figure, 

a trend between the location of the aggregate source and its reactivity according to ASTM 

C 1260 can be observed. Therefore, the location of the aggregate source could represent a 

first clue as to what type of behavior can be expected from an aggregate.   

 

Table 4.1: ASTM C 1260 expansion results for the coarse aggregates considered 

ID 
Expansion at 

14 days (%) 

Expansion at 

28 days (%)  
ID 

Expansion at 

14 days (%) 

Expansion at 

28 days (%) 

C1 0.068 0.115 
 

C22 0.038 0.095 

C2 0.016 0.023 
 

C23 0.062 0.074 

C3 0.010 0.015 
 

C24 0.225 0.361 

C4 0.040 0.066 
 

C25 0.106 0.135 

C5 0.025 0.036 
 

C26 0.279 0.435 

C6 0.084 0.153 
 

C27 0.294 0.526 

C7 0.046 0.069 
 

C28 0.234 0.331 

C8 0.301 0.489 
 

C29 0.209 0.371 

C9 0.025 0.047 
 

C30 0.416 0.620 

C10 0.481 0.627 
 

C31 0.173 0.225 

C11 0.072 0.127 
 

C32 0.068 0.093 

C12 0.113 0.140 
 

C33 0.259 0.457 

C13 0.131 0.169 
 

C34 0.320 0.439 

C14 0.216 0.362 
 

C35 0.095 0.160 

C15 0.189 0.274 
 

C36 0.056 0.106 

C16 0.273 0.353 
 

C37 0.024 0.032 

C17 0.388 0.549 
 

C38 0.031 0.047 

C18 0.291 0.461 
 

C39 0.024 0.038 

C19 0.090 0.162 
 

C40 0.026 0.045 

C20 0.293 0.491 
 

C41 0.017 0.026 

C21 0.169 0.313 
 

C42 0.046 0.061 
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Table 4.2: ASTM C 1260 expansion results for the fine aggregates considered 

ID 
Expansion at 

14 days (%)  
ID 

Expansion at 

14 days (%)  
ID 

Expansion at 

14 days (%) 

F1 0.292 
 

F15 0.389 
 

F29 0.231 

F2 0.216 
 

F16 0.498 
 

F30 0.553 

F3 0.046 
 

F17 0.595 
 

F31 0.389 

F4 0.304 
 

F18 0.248 
 

F32 0.589 

F5 0.299 
 

F19 0.269 
 

F33 0.270 

F6 0.233 
 

F20 0.209 
 

F34 0.250 

F7 0.268 
 

F21 0.189 
 

F35 - 

F8 0.291 
 

F22 0.260 
 

F36 - 

F9 0.241 
 

F23 0.334 
 

F37 0.241 

F10 0.491 
 

F24 0.302 
 

F38 0.269 

F11 0.304 
 

F25 0.372 
 

F39 0.302 

F12 0.476 
 

F26 0.217 
 

F40 0.286 

F13 0.376 
 

F27 0.189 
 

F41 0.217 

F14 0.215 
 

F28 0.258 
 

F42 0.136 

 

Figure 4.1: Map of Texas showing the sources evaluated and their reactivity according to 

the 14 day expansion results of the coarse aggregates in ASTM C1260 

Coarse aggregate that 

failed ASTM C 1260

Coarse aggregate that 

passed ASTM C 1260
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As it was mentioned in Chapter 3, ASTM C 1260 was used as a first screening for 

all the coarse aggregates included in this investigation. Based on these results, the 

aggregates with the lowest expansions were selected as the most likely to present a 

‘pessimum’ behavior.  This reasoning responds to the fact that if an aggregate with 

reactive mineral constituents (inferred from the results of the companion fine aggregate) 

gives a low expansion, it probably means that it has a ‘pessimum’ proportion that is being 

exceeded when using 100% of the reactive material in the test. The only aggregate that 

escaped this reasoning was C13, which was considered as a possible ‘pessimum’ 

aggregate based on previous performance detected by TxDOT. 

A limit of 0.062% at 14 days was selected to differentiate the most likely 

‘pessimum’ aggregates from the rest. To confirm this assumption, aggregates with 

expansions lower than this limit were selected to perform further testing. The expansion 

value used to select these aggregates was chosen arbitrarily in order to obtain an amount 

of aggregate sources that would not exceed the time limitations of this investigation. 

To illustrate what was previously mentioned, expansions at 14 days of all the 

coarse aggregates evaluated were plotted in Figure 4.2. In this figure, the aggregates 

identified as the most likely to present a ‘pessimum’ behavior are shown in green and the 

limit chosen to differentiate them is shown as a dashed red line. 
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Figure 4.2: ASTM C1260 expansions at 14 days for all the coarse aggregates evaluated 

 

4.1.2. Modifications to the mortar bar method 

Combining the aggregate under evaluation with a non-reactive aggregate 

As was mentioned in Chapter 3, all the coarse aggregates evaluated with this 

modification were replaced by 50 and 75% of a non-reactive limestone, and then tested 

using the standard ASTM C 1260 procedure. Expansion results at 14 and 28 days are 

presented in Table 4.3. As before, expansion percentages at 14 days greater than 0.100% 

are shaded in grey and bolded; they indicate aggregate combinations that failed ASTM C 

1260. The same expansion results at 14 days are presented graphically in Figure 4.3.  

In both, Table 4.3 and Figure 4.3, the aggregates were separated in two 

categories: possibly ‘pessimum’ aggregates and other aggregates evaluated that were not 

thought to present that type of behavior. In Table 4.3 the separation is explicit; in Figure 
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4.3 the separation is indicated with a dashed vertical red line. This distinction was done to 

highlight the different behavior observed between the results from both aggregate 

categories. As it was explained previously, aggregates were designated as possibly 

‘pessimum’ based either on the expansion at 14 days in the un-modified ASTM C 1260 

procedure, or on previous performance.   

 

Table 4.3: ASTM C 1260 expansion results for the aggregates evaluated in combination 

with a non-reactive aggregate 

ID 

Replacement percentage 

0% 50% 75% 

14 days 28 days 14 days 28 days 14 days 28 days 

Possibly 'pessimum' aggregates 

C2 0.016 0.023 0.043 0.095 0.225 0.388 

C3 0.010 0.015 0.010 0.013 0.005 0.009 

C4 0.040 0.066 0.170 0.313 0.206 0.378 

C5 0.025 0.036 0.062 0.135 0.182 0.343 

C7 0.046 0.069 0.174 0.306 0.223 0.394 

C9 0.025 0.047 0.144 0.274 0.214 0.383 

C13 0.131 0.169 0.157 0.244 0.258 0.423 

C22 0.038 0.095 0.148 0.295 0.250 0.450 

C23 0.062 0.074 0.167 0.267 0.208 0.358 

C37 0.024 0.032 0.118 0.231 0.234 0.413 

C38 0.031 0.047 0.070 0.148 0.166 0.319 

C39 0.024 0.038 0.047 0.101 0.169 0.304 

C40 0.026 0.045 0.105 0.197 0.203 0.379 

Other aggregates evaluated 

C18 0.291 0.461 0.139 0.201 0.066 0.090 

C30 0.416 0.620 0.248 0.411 0.163 0.255 

C35 0.095 0.160 0.034 0.061 0.018 0.030 

C36 0.056 0.106 0.031 0.051 0.015 0.023 
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Figure 4.3: ASTM C 1260 expansion results at 14 days for the aggregates evaluated in 

combination with a non-reactive aggregate 

 

For the possible ‘pessimum’ aggregates it can be seen from Table 4.3 and Figure 

4.3, that when the amount of reactive material in the test was reduced, higher expansions 

were obtained. At 75% replacement, nearly all the aggregate combinations failed the test, 

while at 0% replacement (un-modified ASTM C 1260 procedure) all the aggregates 

passed the test. The observed trend agrees with the concept of ‘pessimum’ behavior. 

Most likely, when testing 100% of the reactive aggregate, the ‘pessimum’ proportion was 

exceeded. By reducing the amount of aggregate, the quantity of reactive silica in the 

mortar mixture moved closer to the ‘pessimum’ proportion and therefore higher 

expansions were obtained. The only aggregate that escaped this tendency was C3. 

For the other aggregates evaluated, which were considered as ‘non-pessimum’ 

aggregates, the behavior was completely the opposite. When the amount of reactive 

material in the test was reduced, lower expansions were observed. This behavior is what 
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would be expected of any aggregate, and it therefore confirms that the ‘pessimum’ 

aggregates have a unique behavior that can be successfully identified with this 

modification to the standard test method.  

Using the same procedure to modify the standard test method, the complete 

‘pessimum’ curve for aggregate C40 was determined. Expansion results at 14 and 28 

days are presented in Table 4.4 and Figure 4.4. The results for 100% replacement 

correspond to the non-reactive limestone tested alone. In Table 4.4, expansions at 14 days 

over the 0.100% limit are shown shaded in grey and bolded; in Figure 4.4, this limit is 

represented with a dashed red line.  

 

Table 4.4: ASTM C1260 expansions for aggregate C40 at different replacement 

percentages 

Replacement (%) Expansion at 14 days (%) Expansion at 28 days (%) 

0 0.026 0.045 

50 0.105 0.197 

65 0.156 0.314 

75 0.203 0.379 

80 0.217 0.392 

90 0.245 0.411 

95 0.141 0.228 

98 0.048 0.090 

100 0.010 0.013 
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Figure 4.4: 'Pessimum' curve for aggregate C40, in terms of the percentage of reactive 

aggregate replaced 

 

As it can be seen from Table 4.4 and Figure 4.4, the modification applied to the 

test procedure was effective to determine the ‘pessimum’ curve of the aggregate studied. 
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Expansion results at 14 and 28 days are presented in Table 4.5. The same results are 

presented graphically in Figure 4.5. In this figure, the 0.100% expansion limit is shown as 

a dashed red line. 

 

Table 4.5: ASTM C 1260 expansions for aggregate C40 with solutions of different 

normality 

Solution normality (N) Expansion at 14 days (%) Expansion at 28 days (%) 

0.25 0.009 0.013 

1.00 0.026 0.045 

2.00 0.057 0.099 

3.00 0.035 0.070 

4.00 0.016 0.029 

 

 

Figure 4.5: ASTM C 1260 expansions for aggregate C40 with solutions of different 

normality 
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The goal of this modification was to move the alkali to silica ratio closer to the 

‘pessimum’ proportion by increasing the amount of alkalies rather than reducing the 

amount of silica. The expected trend (higher expansions with increasing normality) was 

observed up to a normality of 2 N. After this point, the desired results were not obtained. 

It was thought that by increasing the normality of the solution, enough alkalies would be 

present in the system to make a greater portion of the material react and therefore give 

larger expansions.  

Nonetheless, when the normality of the soak solution was higher than 2 N, the 

recorded expansions decreased. A possible explanation can be that, for high normality 

solutions, the amount of alkalies in the system is so overwhelming that the aggregate near 

the specimen’s surface reacts very rapidly, generating a large amount of ASR gel. This 

possibly ‘seals’ the mortar bar and prevents further ingress of alkalies, therefore reducing 

the measured expansions. This was the explanation proposed by Shayan (1992) and by 

Larbi and Visser (2002) for why aggregates with high contents of highly reactive 

minerals did not show significant expansions in ASTM C 1260.  

Even though a higher expansion was obtained with a 2 N solution, instead of the 

standard 1 N, this modification was still not sufficient to make the aggregate yield 

expansions larger than the 0.100% limit. As can be seen from Figure 4.5, this limit was 

never exceeded, not even at 28 days of age. Therefore, this modification was not 

considered effective to identify ‘pessimum’ type aggregates. 

Use of supplementary cementitious materials (SCMs) 

As mentioned in Chapter 3, four aggregates were tested using the standard ASTM 

C 1260 procedure with the following modifications: 
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 75% of the reactive aggregate was replaced by a non-reactive limestone (all the 

aggregates evaluated presented a maximum expansion at this replacement 

percentage). 

 A percentage of the cement was replaced by different fly ashes, to test their 

effectiveness in suppressing expansion generated by a ‘pessimum’ aggregate 

close to its ‘pessimum’ proportion; 45% replacement was used for FA1 and FA2 

and 25% replacement for FA3 (see Table 3.5 and Table 3.6). 

Expansion results recorded throughout the period of the test are presented in 

Table 4.6; 14 day values exceeding the 0.100% limit are shown shaded in grey and 

bolded. The same results are presented graphically for aggregates C5, C7, C22, and C37, 

in Figure 4.6 through Figure 4.9. In these figures, the 0.100% expansion limit is shown as 

a dashed red line. A summary of the reductions achieved in the 14 day expansion results 

for each aggregate by the use of the different fly ashes is given in Table 4.7. 
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Table 4.6: ASTM C 1260 expansion results for aggregates tested with the use of different 

fly ashes 

ID 
Time  

(days) 

Expansion (%) 

No SCM FA1 FA2 FA3 

C5 

0 0.000 0.000 0.000 0.000 

3 0.024 0.028 0.019 0.012 

5 0.050 0.043 0.028 0.017 

7 0.084 0.052 0.034 0.024 

10 0.139 0.058 0.036 0.020 

14 0.182 0.075 0.051 0.028 

21 0.270 0.092 0.068 0.039 

28 0.343 0.106 0.079 0.047 

C7 

0 0.000 0.000 0.000 0.000 

2 0.009 0.022 0.023 0.014 

5 0.043 0.043 0.038 0.018 

7 0.086 0.065 0.047 0.024 

9 0.131 0.074 0.061 0.023 

14 0.223 0.099 0.083 0.032 

21 0.335 0.123 0.104 0.043 

28 0.394 0.143 0.125 0.057 

C22 

0 0.000 0.000 0.000 0.000 

3 0.017 0.021 0.019 0.007 

5 0.046 0.028 0.021 0.005 

7 0.092 0.039 0.027 0.009 

14 0.250 0.070 0.046 0.019 

21 0.373 0.098 0.068 0.027 

28 0.450 0.124 0.086 0.034 

C37 

0 0.000 0.000 0.000 0.000 

3 0.053 0.024 0.019 0.009 

5 0.073 0.027 0.018 0.006 

7 0.113 0.032 0.026 0.012 

14 0.234 0.048 0.037 0.019 

21 0.336 0.064 0.054 0.029 

28 0.413 0.080 0.065 0.037 
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Figure 4.6: ASTM C 1260 expansion results for aggregate C5 with the use of different fly 

ashes 

 

Figure 4.7: ASTM C 1260 expansion results for aggregate C7 with the use of different fly 

ashes 
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Figure 4.8: ASTM C 1260 expansion results for aggregate C22 with the use of different 

fly ashes 

 

Figure 4.9: ASTM C 1260 expansion results for aggregate C37 with the use of different 

fly ashes 
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Table 4.7: Reduction percentages achieved in the ASTM C 1260 14 day expansion results 

by the use of different fly ashes 

ID 
Reduction in the 14 day expansion value (%) 

FA1 FA2 FA3 

C5 58.73 72.08 84.46 

C7 55.72 62.78 85.65 

C22 71.97 81.68 92.49 

C37 79.59 84.08 91.77 

Average 66.50 75.16 88.59 

Standard deviation 9.72 8.44 3.57 

 

The data presented in Table 4.7 shows that the most efficient fly ash was FA3, 

followed by FA2 and FA1, in that order. As expected, the Class F fly ash (FA3) was 

more effective than the Class C fly ashes (FA1 and FA2); FA3 was able to yield the 

largest reductions in expansion with the lowest cement replacement percentage. It must 

be noted that the magnitude of the reduction in expansion achieved by each fly ash varies 

with the aggregate source. 

From the results presented, it can be seen that when any of the three fly ashes 

considered was evaluated, in the specified replacement percentages, none of the 14 day 

expansion results exceeded the 0.100% limit. It is therefore concluded that all of them 

were effective in suppressing the expansion generated by the ‘pessimum’ aggregates. It is 

possible that higher cement replacement percentages would be required to suppress 

expansion when the aggregates are tested at exactly their ‘pessimum’ proportion. Since 

the complete ‘pessimum’ curve was not obtained for the aggregates evaluated, higher 

expansions could be observed when less than 25% of the material is present in the 

mixture. 
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4.1.3. Concrete microbar test (CMBT) 

As mentioned in Chapter 3, the average expansion percentage at 30 days is the 

parameter used to determine if an aggregate is considered innocuous or reactive with 

respect to ASR. However, since this method does not correspond to a standard ASTM 

procedure, different criteria have been proposed to interpret its results. The 

recommendation made by P.E. Grattan-Bellew et al. (2004) was adopted. It must be 

noted that the investigation cited used an aggregate to cement ratio of 1:1 and an 

aggregate size fraction retained on the 4.75 mm (No. 4) sieve. They suggested that 

aggregates with expansions of less than 0.040% at 30 days, generally passed the CPT 

(ASTM C 1293), and were therefore taken as innocuous. This limit was considered to be 

the most adequate for the parameters used in the present investigation.  

Expansion results at 14 and 30 days for all the coarse aggregates evaluated are 

presented in Table 4.8. The 14 day expansions are presented with the only purpose of 

giving an idea of the rate of reaction of each aggregate.  

 

Table 4.8: Concrete Microbar Test expansion results 

ID Expansion at 14 days (%) Expansion at 30 days (%) 

C2 0.011 0.026 

C13 0.029 0.034 

C37 0.011 0.015 

C38 0.005 0.027 

C40 0.015 0.033 

 

According to the expansion limit selected, all the aggregates tested would be 

classified as innocuous (see Table 4.8). For an accelerated test, the expansions obtained at 

30 days were quite low; they were even lower than the expansions recorded at 28 days in 
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ASTM C 1260, except for aggregate C2, which gave a slightly higher value (see Table 

4.1). Since the aggregate to cement ratio, the water to cement ratio and the storage 

conditions were exactly the same as for ASTM C 1260, it can be concluded that the 

additional processing required to test the coarse aggregates evaluated in that test is not 

responsible for the low expansions some of them presented in it. This reinforces the idea 

that these aggregates do not show significant expansions in ASTM C 1260 due to a 

‘pessimum’ effect.   

According to P.E. Grattan-Bellew et al. (2004), a ‘pessimum’ effect should not be 

observed in the CMBT. Nonetheless, the aggregates evaluated did not show significant 

expansions. This might be due to the fact that the parameters chosen to proportion the 

mortar were not enough to maximize expansion. Hargis (2009) observed higher 

expansions in this test on aggregates with similar behavior to the ones evaluated by 

decreasing the aggregate to cement ratio. Another possibility could be that due to the 

reduced amount of nucleation sites, caused by the absence of fine material, the reaction 

was slowed down significantly.  

Due to the low expansions obtained in the CMBT, the test was not considered 

effective to identify ‘pessimum’ aggregates, at least not with the parameters selected in 

this investigation to proportion the mortar. No further testing was pursued with this 

method. By modifying the aggregate to cement ratio, significant expansions could be 

obtained in this test for ‘pessimum’ aggregates, however, more research is required to 

verify this. 

4.1.4. Chemical method (ASTM C 289) 

Each aggregate evaluated with the ASTM C 289 standard procedure was 

classified as innocuous, potentially deleterious or deleterious depending on the zone on 
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which the corresponding data point is located on a graph of reduction in alkalinity versus 

dissolved silica. These zones are defined in Figure X1.1 of the section titled 

“Interpretation of Results” included as an appendix to the standard.  

As mentioned in Chapter 3, the coarse aggregates from the selected sources were 

not only evaluated during a 24 hour period, as specified by the standard procedure. 

Additional samples were prepared and tested during 48 and 72 hour time periods. This 

modification resembles a French test method known as the “Kinetic Method”, which has 

been successfully used to identify ‘pessimum’ aggregates for years (Committee TC 219-

ACS, 2011). In this test, the reactivity of the aggregate under evaluation is determined by 

the location of the data points in a graph of dissolved silica to remaining alkali 

concentration ratio (SiO2/Na2O) versus time. The graph is divided in three zones: 

potentially reactive aggregates with a ‘pessimum’ effect (PRP), potentially reactive 

aggregates (PR) and non-reactive aggregates (NR). The data for the curves that delimitate 

each zone was taken from Criaud et al. (1994). 

Coarse aggregates 

The dissolved silica, reduction in alkalinity and remaining alkali concentration 

results for all the coarse aggregates considered at each time period (24, 48 and 72 hours) 

are presented in Table 4.9. Based on these results, the SiO2/Na2O ratios were calculated 

and the values obtained are shown in Table 4.10. The 24 hour results from Table 4.9 were 

graphed in Figure 4.10 to evaluate the reactivity of each aggregate, according to the 

standard ASTM C 289 procedure. The results presented in Table 4.10 were graphed in 

Figure 4.11 to determine the aggregate’s reactivity based on the criteria established by the 

“Kinetic Test”. In both figures, the three zones representing the outcome of the tests are 

identified and separated with dashed black lines.  
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Table 4.9: ASTM C 289 results for all the coarse aggregates considered at 24, 48 and 72 

hour periods 

 

Dissolved silica  

(mmol/L) 

Reduction in alkalinity 

(mmol/L) 

Alkali concentration 

(mmol/L) 

ID 
24 

hours 

48 

hours 

72 

hours 

24 

hours 

48 

hours 

72 

hours 

24 

hours 

48 

hours 

72 

hours 

C2 690.86 877.65 929.03 133.72 155.80 158.25 846.46 824.38 821.92 

C3 9.43 10.77 9.28 31.90 38.64 39.26 948.28 941.53 940.92 

C4 440.87 707.43 786.56 78.37 97.96 129.80 900.01 880.42 848.58 

C5 1004.73 1222.24 1284.65 111.43 107.76 108.98 866.95 870.62 869.40 

C7 547.29 780.06 864.51 89.55 104.27 115.31 890.62 875.90 864.86 

C9 660.79 906.41 965.97 85.72 111.43 108.98 892.66 866.95 869.40 

C13 489.41 760.28 861.59 111.63 138.62 142.30 868.54 841.55 837.87 

C22 594.00 778.75 822.61 154.29 191.02 197.14 824.09 787.35 781.23 

C23 721.64 972.25 1067.50 123.67 143.27 153.06 854.70 835.11 825.31 

C37 833.83 1042.40 1115.28 90.61 107.76 97.96 887.76 870.62 880.42 

C38 789.26 930.42 941.81 116.33 133.47 139.59 862.05 844.91 838.78 

C39 517.58 799.84 867.87 100.59 128.81 127.58 879.58 851.36 852.59 

C40 723.71 917.14 962.39 107.95 125.13 125.13 872.22 855.04 855.04 

Table 4.10: Dissolved silica to remaining alkali concentration ratios for all the coarse 

aggregates considered at 24, 48 and 72 hour periods 

 

SiO2/Na2O ratio 

ID 24 hours 48 hours 72 hours 

C2 0.82 1.06 1.13 

C3 0.01 0.01 0.01 

C4 0.49 0.80 0.93 

C5 1.16 1.40 1.48 

C7 0.61 0.89 1.00 

C9 0.74 1.05 1.11 

C13 0.56 0.90 1.03 

C22 0.72 0.99 1.05 

C23 0.84 1.16 1.29 

C37 0.94 1.20 1.27 

C38 0.92 1.10 1.12 

C39 0.59 0.94 1.02 

C40 0.83 1.07 1.13 
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Figure 4.10: ASTM C 289 reduction in alkalinity vs. dissolved silica results at the 24 

hour period for the coarse aggregates considered 
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Figure 4.11: Dissolved silica to remaining alkali concentration ratios vs. time for the 

coarse aggregates considered 
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criteria established by the standard, of the 13 aggregates evaluated, one was classified as 

innocuous, four as potentially deleterious and eight as deleterious (see Figure 4.10). 

When analyzing the results for the different test periods, as expected, both the 

amount of dissolved silica and the reduction in alkalinity increased with time. As a result, 

the SiO2/Na2O ratio was also higher for the longer test periods; this can be seen in Figure 

4.11. However, the increase in this ratio between 48 and 72 hours was smaller than the 

increase between 24 and 48 hours. This is an indication that the silica dissolution reaction 

will eventually cease and the SiO2/Na2O ratio will stabilize. 

Also from Figure 4.11, according to the criteria established by the “Kinetic 

Method”, all the aggregates, except for C3, were classified as potentially reactive. 

Aggregate C3 was found to be non-reactive. These results agree with the reactivity level 

predicted from the results of the standard ASTM C 289 procedure. Even though the 

outcome from both tests was the same, the results from Table 4.10 were expected to lay 

in the upper region of Figure 4.11, which corresponds to aggregates with a ‘pessimum’ 

effect. Since that was not the case, it can be concluded that the varying time period 

modification, as carried out for this investigation, failed to identify the ‘pessimum’ 

behavior in the aggregates studied. 

It must be noted that the aggregate sample tested in the “Kinetic Method” 

contains particles ranging from 0 to 300 μm (sieve No. 50), with 35 to 45% of the 

material passing the 100 μm (No. 140) sieve (Sorrentino et al., 1992). The standard 

ASTM C 289 procedure specifies a sample with particles ranging in size from 150 μm 

(sieve No. 100) to 300 μm. The solubility of silica increases as the particle size decreases, 

therefore, the size difference between the samples of these tests was most likely the 

reason why the modification used failed to identify the ‘pessimum’ behavior. If smaller 

particles were tested, as done in the “Kinetic Method”, the SiO2/Na2O ratios obtained 
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would have been higher, and the results would have placed the aggregates in the upper 

zone of Figure 4.11, as it was desired. 

Fine aggregates 

The ASTM C 289 results for all the fine aggregates considered are presented in 

Table 4.11. Based on these results, the SiO2/Na2O ratios were calculated and the values 

obtained are shown in the last column of that same table. All the fine aggregate results 

correspond to the 24 hour period, since they were only tested according to the standard 

ASTM C 289 procedure.  

The dissolved silica and reduction in alkalinity results presented in Table 4.11 

were graphed in Figure 4.12 to evaluate the reactivity of each aggregate, according to the 

standard ASTM C 289 procedure. In this figure, the three zones representing the outcome 

of the test are identified and separated with dashed black lines. 

 

Table 4.11: ASTM C 289 results for all the fine aggregates considered 

ID 
Dissolved silica 

(mmol/L) 

Reduction in 

alkalinity (mmol/L) 

Alkali concentration 

(mmol/L) 

SiO2/Na2O 

ratio 

F2 38.08 13.49 966.68 0.04 

F3 7.07 73.61 906.57 0.01 

F4 31.93 38.03 942.14 0.03 

F5 55.06 20.85 959.32 0.06 

F7 37.39 39.26 940.92 0.04 

F9 35.57 36.80 943.37 0.04 

F13 171.82 109.18 870.99 0.20 

F22 18.96 67.47 912.70 0.02 

F23 63.95 42.94 937.24 0.07 

F37 32.47 33.12 947.05 0.03 

F38 35.48 29.44 950.73 0.04 

F39 25.90 57.66 922.52 0.03 

F40 36.12 55.20 924.97 0.04 
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Figure 4.12: ASTM C 289 reduction in alkalinity vs. dissolved silica results for the fine 

aggregates considered 
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reduction in alkalinity observed were low. According to the criteria established by ASTM 

C 289, of the 13 aggregates evaluated, nine were classified as innocuous, one as 

potentially deleterious and three as deleterious (see Figure 4.12).  

Coarse vs. fine aggregate results 

In order to show the overall relationship between the amount of dissolved silica 

and the reduction in alkalinity, the results presented in Figure 4.10 and Figure 4.12 were 

graphed together in Figure 4.13. The figure also allows for the comparison of the results 

obtained for the coarse and the corresponding fine aggregates. 

 

 

Figure 4.13: ASTM C 289 reduction in alkalinity vs. dissolved silica results for all the 

aggregates considered 
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Even though the data, especially the fine aggregate results, presents significant 

scatter, it can be concluded from Figure 4.13 that as the amount of dissolved silica 

increases, so does the reduction in alkalinity. These two quantities are correlated because 

the alkalies are consumed in the process of silica dissolution. The same figure shows the 

difference in behavior between the coarse and the fine aggregates from the sources 

studied. The fine aggregates, except for F13, presented low values of dissolved silica and 

of reduction in alkalinity. On the other hand, the coarse aggregates, except for C3, 

yielded high values of both dissolved silica and reduction in alkalinity. For a given 

concentration of the soak solution, the coarse aggregates put more silica into solution 

than the fine aggregates. 

 

4.2. NON-ACCELERATED TEST PROCEDURE: CONCRETE PRISM TEST (ASTM C 1293) 

The average expansion percentage at one year is the parameter used in this test 

method to determine if an aggregate is considered innocuous or reactive with respect to 

ASR. The standard suggests the following interpretation, which will be applied to analyze 

the results of this investigation: 

 Innocuous: expansions of less than 0.040% at one year, these aggregates are said 

to pass the test. 

 Potentially deleterious: expansions of more than 0.040% at one year, these 

aggregates are said to fail the test. 

Expansion results at 3, 6, 9 and 12 months for all the coarse aggregates considered 

are presented in Table 4.12. The 28 day values are not presented because, in the majority 

of cases, the expansion recorded at that age was insignificant. Expansions greater than 



 86 

0.040% are shaded in grey and bolded; they indicate aggregate sources that fail ASTM 

C 1293. 

 

Table 4.12: ASTM C 1293 expansion results at 3, 6, 9 and 12 months 

ID 3 Month 6 Month 9 Month 12 Month 

C2 0.022 0.026 0.025 - 

C3 0.028 0.033 0.035 - 

C4 0.034 0.076 0.082 - 

C5 0.062 0.095 0.098 - 

C7 0.057 0.081 0.091 - 

C9 0.067 0.092 0.099 - 

C13 0.015 0.063 0.112 0.133 

C22 0.011 0.029 - - 

C23 0.041 0.092 - - 

C37
*
 0.049 0.107 0.128 0.129 

C38 0.041 0.115 0.141 0.155 

C39 0.042 0.093 0.117 0.129 

C40 0.019 0.075 0.095 0.111 

C41 0.017 0.062 0.119 0.120 

C42 0.006 0.031 0.033 0.034 

Note: the missing data in this table had not yet been measured when this document was 

written, but will be included in future publications.  
* 
Data for aggregate C37 was taken from Folliard et al. (2006). 

 

For all the aggregates evaluated in this test, the most recent expansion results 

available at the time this document was written were plotted in Figure 4.14. The legend 

of the figure indicates the age at which each of the results presented was measured. The 

expansion limit of 0.040% is represented with a dashed red line. 
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Figure 4.14: ASTM C 1293 most current expansion results 

 

When looking at the results presented in both Table 4.12 and Figure 4.14, it is 

important to recall that the goal of performing this test on the selected aggregates was to 

confirm whether they were truly innocuous or if they were possibly ‘pessimum’ 

aggregates, which presented the pass-fail ‘odd’ behavior first observed by Folliard et al. 

(2006). Eleven out of the fifteen aggregates tested were classified as deleterious or 

reactive, based on the results obtained. Aggregates C5, C7, C9, C23, C37, C38 and C39 

were found to be rapidly reactive, since they failed the test at an age of only 3 months. 

Examples of the cracking observed in some of the concrete prisms after 9 and 12 months 

of testing can be seen in Figure 4.15.  

Even though the data set is not complete at this time, assertive conclusions about 

the outcome of the test can be made for all the aggregates, except for C22. The 
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measurement, will be undoubtedly classified as reactive. Aggregates C2 and C3 will most 

likely be classified as non-reactive. By looking at the difference between the 6 and the 9 

month measurements for these two aggregates, it seems that the expansion has stabilized. 

By looking at the data presented in Table 4.12, aggregate C22 will most likely fail the 

test, but no conclusions can be made about it at this point. 

 

 

Figure 4.15: Examples of the cracking observed in the ASTM C 1293 concrete prisms 

after 9 and 12 months of testing  

 

4.3. COMPARISON OF RESULTS FOR ‘PESSIMUM’ AGGREGATES: MORTAR BAR METHOD 

(ASTM C 1260) VS. CONCRETE PRISM TEST (ASTM C 1293) 

As it has been explained, aggregates were designated as possibly ‘pessimum’ 

based on the expansion at 14 days in the standard un-modified ASTM C 1260 procedure; 

a limit of 0.062% was selected for this purpose. The only aggregate that escaped this 

Aggregate C41, 1 year of ageAggregate C9, 9 months of age
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reasoning was C13, which was considered as a possible ‘pessimum’ aggregate based on 

previous performance detected by TxDOT. A summary of the results obtained for these 

aggregates in ASTM C 1260 (with 0 and 75% of the reactive aggregate replaced by a 

non-reactive limestone) and in ASTM C 1293 is presented in Table 4.13. In this table, 

expansion values in excess of the corresponding limit for each test are shaded in grey and 

bolded.  

 

Table 4.13: Summary of ASTM C 1260 and ASTM C 1293 results for aggregates 

designated as possibly 'pessimum' 

ID 

ASTM C 1260 expansion at 14 days (%) 
‘Pessimum’ 

behavior 

confirmed  

ASTM C1293 

most recent 

expansion 

results (%) 

0% 

replacement 

Corresponding 

fine aggregate 

75% 

replacement 

C2 0.016 0.216 0.225 Yes 0.025 

C3 0.010 0.046 0.005 No 0.035 

C4 0.040 0.304 0.206 Yes 0.082 

C5 0.025 0.299 0.182 Yes 0.098 

C7 0.046 0.268 0.223 Yes 0.091 

C9 0.025 0.241 0.214 Yes 0.099 

C13 0.131 0.376 0.258 Yes 0.133 

C22 0.038 0.260 0.250 Yes 0.029
*
 

C23 0.062 0.334 0.208 Yes 0.092
+
 

C37 0.024 0.241 0.234 Yes 0.129 

C38 0.031 0.269 0.166 Yes 0.155 

C39 0.024 0.302 0.169 Yes 0.129 

C40 0.026 0.286 0.203 Yes 0.111 
*
 Inconclusive result since it corresponds to a 6 month measurement only. 

+
 Conclusive 6 month measurement 
 9 month measurement 
 12 month measurement 
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The ‘pessimum’ behavior for each aggregate was confirmed if the expansion in 

ASTM C 1260 at 75% replacement exceeded the expansion at 0% replacement. This was 

found to be true for all the aggregates initially considered as possibly ‘pessimum’ except 

for C3. This source was classified as non-reactive by both ASTM C 1260 and ASTM C 

1293. Furthermore, all the aggregates classified as ‘pessimum’ failed ASTM C 1293, 

except for C2 and C22. However, since the result presented for C22 is inconclusive, this 

aggregate will be excluded from further analysis.  

The ASTM C 1260 expansion results at 14 days were plotted against the most 

recent results from ASTM C1293 in Figure 4.16 and Figure 4.17. In the first figure, the 

ASTM C 1260 results correspond to the reactive aggregate tested by itself (0% 

replacement) and in the second figure, to the aggregate tested in combination with 75% 

of a non-reactive limestone (75% replacement). The figures are divided into four 

quadrants, defined by the expansion limits for the two tests considered, and they should 

be interpreted as follows: 

 Top left quadrant: aggregates in this quadrant fail ASTM C 1260 but pass ASTM 

C 1293; this result is quite common in aggregates due to the highly aggressive 

environment of ASTM C 1260. 

 Top right quadrant: aggregates in this quadrant fail both tests.  

 Bottom left quadrant: aggregates in this quadrant pass both tests. Ideally, all 

results should lie either in this quadrant or in the top right quadrant, because this 

indicates good agreement between the two tests. 

 Bottom right quadrant: aggregates in this quadrant pass ASTM C 1260 but fail 

ASTM C 1293. These results are the most dangerous, because an aggregate that 

will generate significant expansions in concrete could be classified as innocuous, 

if only ASTM C 1260 is performed.  
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Figure 4.16: Un-modified ASTM C 1260 expansion results vs. ASTM C 1293 most 

recent expansion results 

 

Figure 4.17: ASTM C 1260 expansion results for the aggregates replaced by 75% of a 

non-reactive limestone vs. ASTM C 1293 most recent expansion results 
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Figure 4.16 represents the current approach followed to test the reactivity of 

aggregate sources with respect to ASR. It can be seen that most of the results for the 

‘pessimum’ aggregates evaluated are located in the bottom right quadrant. This means 

that they would have been classified as non-reactive aggregates by ASTM C 1260, when 

they are truly highly reactive. Only two (C2 and C13) out of 13 aggregate sources would 

have been classified correctly.  

Even though aggregate C2 was designated as non-reactive by both ASTM C 1260 

and ASTM C 1293, it does exhibit a ‘pessimum’ behavior. Care should be taken when 

combining this aggregate with other non-reactive aggregates. Criaud et al. (1994) 

evaluated several aggregates with high chert contents, and found that they did not 

generate significant expansions in the CPT. Whether a ‘pessimum’ aggregate will 

generate problems in a job concrete mixture depends on how close the amount of reactive 

silica present is to the ‘pessimum’ proportion. Aggregate C2 should not be used with the 

same confidence as a ‘non-pessimum’ non-reactive aggregate. The fact that it failed 

ASTM C 1260 when replaced by 75% of an innocuous limestone reinforces this idea.  

When plotting the ASTM C 1260 results for the ‘pessimum’ aggregates tested in 

combination with 75% of a non-reactive limestone against the most recent ASTM C 1293 

results (see Figure 4.17), all the data points except for one (C2), lie in the top right 

quadrant. This means that there is nearly perfect agreement between the outcomes of both 

tests. The proposed modified procedure could be a good indicator that an aggregate will 

be likely to generate deleterious expansions when combined with other non-reactive 

aggregates. It is possible that by combining these ‘pessimum’ aggregates with other 

highly reactive aggregates, deleterious expansion would be suppressed, due to the 

presence of an amount of reactive silica in excess of the ‘pessimum’ proportion. 
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Understanding that an aggregate exhibits a ‘pessimum’ behavior is very important 

because it might allow the use of a wider range of aggregate sources in the state. This 

behavior was successfully determined by comparing the ASTM C 1260 expansion results 

at 14 days when 0 and 75% of the reactive aggregate was replaced with a non-reactive 

limestone. Identifying this aggregate type based only on a low result in the un-modified 

ASTM C 1260 procedure (0% replacement) was proven not to be sufficient. Aggregate 

C3 which gave an expansion of only 0.010%, was found not to be a ‘pessimum’ 

aggregate, but aggregate C13, which failed that test, did present a ‘pessimum’ behavior.  

 

4.4. COMPARISON OF RESULTS FOR ‘PESSIMUM’ AGGREGATES: MORTAR BAR METHOD 

(ASTM C 1260) VS. CHEMICAL METHOD (ASTM C 289) 

A summary of the results obtained in the un-modified ASTM C 1260 procedure 

and in ASTM C 289 for the coarse aggregates designated as possibly ‘pessimum’ and 

their corresponding fine aggregates is presented in Table 4.14; the cells shaded in grey 

and bolded indicate that the aggregate failed the corresponding test. Since the outcome of 

the Chemical Method depends on the position of the data points on a graph, only the 

overall reactivity of the aggregate is indicated. The quantity of dissolved silica was 

chosen as the most representative result of the reactivity of the aggregates, according to 

ASTM C 289, and therefore the numerical values obtained for this parameter are also 

presented in the table.  

To present the outcome of ASTM C 289, the following abbreviations were used in 

Table 4.14 (aggregates classified as PD or as D were considered to fail the test): 

 I: innocuous. 

 PD: potentially deleterious. 

 D: deleterious. 
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Table 4.14: Summary of un-modified ASTM C 1260 and ASTM C 289 results for 

aggregates designated as possibly 'pessimum' 

Source 

ID 

Coarse aggregates Fine aggregates 

‘Pessimum’ 

behavior 

confirmed 

Dissolved 

silica at 

24 hours 

(mmol/L) 

ASTM  

C 289 

result 

ASTM  

C 1260 

expansion 

at 14 days 

(%) 

Dissolved 

silica at 

24 hours 

(mmol/L) 

ASTM  

C 289 

result 

ASTM  

C 1260 

expansion 

at 14 days 

(%) 

2 Yes 690.86 PD 0.016 38.08 D 0.216 

3 No 9.43 I 0.010 7.07 I 0.046 

4 Yes 440.87 D 0.040 31.93 I 0.304 

5 Yes 1004.73 D 0.025 55.06 D 0.299 

7 Yes 547.29 D 0.046 37.39 I 0.268 

9 Yes 660.79 D 0.025 35.57 I 0.241 

13 Yes 489.41 PD 0.131 171.82 PD 0.376 

22 Yes 594.00 PD 0.038 18.96 I 0.260 

23 Yes 721.64 PD 0.062 63.95 D 0.334 

37 Yes 833.83 D 0.024 32.47 I 0.241 

38 Yes 789.26 D 0.031 35.48 I 0.269 

39 Yes 517.58 D 0.024 25.90 I 0.302 

40 Yes 723.71 D 0.026 36.12 I 0.286 

 

As mentioned in the previous section, the ‘pessimum’ behavior for each aggregate 

was confirmed if the expansion in ASTM C 1260 at 75% replacement exceeded the 

expansion at 0% replacement. Of the 13 coarse aggregate sources evaluated in ASTM C 

289, only C3 was considered to be out of this category. The amounts of dissolved silica 

measured for both the coarse and the fine aggregates from this source were negligible, 

therefore, they were classified as non-reactive by ASTM C 289. On the other hand, all the 

coarse aggregates classified as ‘pessimum’ failed this test, due to the large amounts of 

silica they put into solution. This confirms that ‘pessimum’ aggregates contain significant 

quantities of highly reactive minerals. 
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As for the fine aggregate results from the twelve sources for which a ‘pessimum’ 

behavior was confirmed, the high reactivity predicted by ASTM C 1260 could not be 

confirmed by the ASTM C 289 procedure. The outcome of the two tests was consistent 

only for four of these sources (F2, F5, F13 and F23, see Table 4.14). Due to the low 

values of dissolved silica presented by the fine aggregates, most of them were classified 

as non-reactive, according to the guidelines in ASTM C 289. 

To evaluate the relationship between dissolved silica, as determined by ASTM 

C 289, and the ASTM C 1260 expansion at 14 days, the corresponding results from Table 

4.14 were plotted together in Figure 4.18. Aggregates from sources 3 and 13 are pointed 

out in the figure because their behavior differed from the rest of the aggregates studied. 

The 0.100% expansion limit for ASTM C 1260 is shown as a dashed red line. 

 

 

Figure 4.18: ASTM C 1260 expansion results vs. dissolved silica as determined by 

ASTM C 289 
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As can be seen in Figure 4.18, the fine aggregates presented much lower 

dissolved silica contents than the corresponding coarse aggregates. Nonetheless, the 

ASTM C 1260 expansions for the former were higher than for the latter. It is clear from 

the figure that mostly all the fine aggregates failed ASTM C 1260, while all but one of 

the coarse aggregates passed the test. Aggregate source No. 3 was an exception to this 

behavior. As mentioned before, this is not a ‘pessimum’ aggregate and was classified as 

non-reactive by both ASTM C 1260 and ASTM C 289. The source identified as No. 13 

did follow the general behavior described, but the coarse aggregate presented a higher 

expansion in ASTM C 1260 than the other sources evaluated. 

The behavior described above agrees with the characteristics of ‘pessimum’ 

aggregates. When the amount of reactive silica, as detected by ASTM C 289, was lower 

and probably closer to the ‘pessimum’ proportion, high expansions were measured in 

ASTM C 1260. When the amount of silica present is large, as for the coarse aggregates 

evaluated, the ‘pessimum’ proportion was probably far exceeded and, as a result, the 

reaction was inhibited. Even if the amount of silica available for the reaction is limited, if 

it is close to the ‘pessimum’ proportion, significant deterioration due to ASR will occur. 

 

4.5. COMPARISON OF RESULTS FOR ‘PESSIMUM’ AGGREGATES: CHEMICAL METHOD 

(ASTM C 289) VS. CONCRETE PRISM TEST (ASTM C 1293) 

A summary of the results obtained in ASTM C 1293 and ASTM C 289 for the 

coarse aggregates designated as possibly ‘pessimum’ is presented in Table 4.15; the cells 

shaded in grey and bolded indicate that the aggregate failed the corresponding test. Since 

the outcome of the Chemical Method depends on the position of the data points on a 

graph, only the overall reactivity of the aggregate is indicated. The quantity of dissolved 

silica was chosen as the most representative result of the reactivity of the aggregates, 



 97 

according to ASTM C 289, and therefore the numerical values obtained for this 

parameter are also presented in the table. The outcome of ASTM C 289 is indicated using 

the same abbreviations explained in the previous section.  

 

Table 4.15: Summary of ASTM C 1293 and ASTM C 289 results for aggregates 

designated as possibly 'pessimum' 

ID 

‘Pessimum’ 

behavior 

confirmed 

Dissolved 

silica at 24 

hours 

(mmol/L) 

ASTM 

C 289 result 

ASTM C1293 

most recent 

expansion 

results (%) 

Age of  

ASTM C 1293 

results 

(months) 

C2 Yes 690.86 PD 0.025 9 

C3 No 9.43 I 0.035 9 

C4 Yes 440.87 D 0.082 9 

C5 Yes 1004.73 D 0.098 9 

C7 Yes 547.29 D 0.091 9 

C9 Yes 660.79 D 0.099 9 

C13 Yes 489.41 PD 0.133 12 

C22 Yes 594.00 PD 0.029
*
 6 

C23 Yes 721.64 PD 0.092 6 

C37 Yes 833.83 D 0.129 12 

C38 Yes 789.26 D 0.155 12 

C39 Yes 517.58 D 0.129 12 

C40 Yes 723.71 D 0.111 12 
*
 Inconclusive result since it corresponds to a 6 month measurement only. 

 

As mentioned in the previous section, the ‘pessimum’ behavior for each aggregate 

was confirmed if the expansion in ASTM C 1260 at 75% replacement exceeded the 

expansion at 0% replacement. Based on this criterion, aggregate C3 was the only source 

identified as ‘non-pessimum’. As it has been mentioned previously, this aggregate source 

was classified as non-reactive by ASTM C 1260, ASTM C 289 and ASTM C 1293. The 

rest of the coarse aggregates classified as ‘pessimum’ failed both ASTM C 289 and 
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ASTM C 1293, except for C2 (which failed the former test but passed the latter) and C22. 

However, since the result presented for C22 is inconclusive, this aggregate will be 

excluded from further analysis. From the results presented in Table 4.15 it can be 

concluded that, for the ‘pessimum’ aggregates evaluated, the agreement between the 

results of ASTM C 289 and ASTM C 1293 is nearly perfect.  

To evaluate the relationship between dissolved silica, determined according to 

ASTM C 289, and the ASTM C 1293 most recent expansions measured, the 

corresponding results from Table 4.15 were plotted together in Figure 4.19. Only the 

aggregate sources for which 9 or 12 month measurements were available at the time this 

document was written were included in the figure. The 6 month expansion measurements 

were left out because they will most likely change significantly during the remainder of 

the test period. Aggregates C2 and C3 are pointed out in the figure because, as it was 

previously mentioned, their behavior differed from the rest of the aggregates studied. The 

0.040% expansion limit for ASTM C 1293 is shown as a dashed red line.  

Figure 4.19 shows a tendency of the coarse aggregates evaluated to present higher 

expansions in ASTM C 1293 as the amount of dissolved silica increases. These results 

are contrary to the expansions recorded in ASTM C 1260 for ‘pessimum’ aggregates (low 

expansions for high dissolved silica contents). This is probably due to the fact that in the 

Concrete Prism Test the coarse aggregates are combined with non-reactive fine 

aggregates. As a result, the total amount of reactive constituents in the mixture is 

reduced, moving closer to the ‘pessimum’ proportion. However, large scatter can be 

observed in the data and therefore, the correlation between the results of these two tests is 

not strong. Further research is required to verify if the relationship found will remain true 

for other aggregate sources presenting a ‘pessimum’ behavior.  
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Figure 4.19: ASTM C 1293 most recent expansion results vs. dissolved silica as 

determined by ASTM C 289 
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presented in this section was taken from the report he prepared (Rothstein, 2010). For 
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Table 3.3) were analyzed. The first sample, identified as “Fine”, corresponds to 

the natural fine aggregate. The second sample, identified as “Coarse”, corresponds to the 

crushed coarse aggregate.  
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Table 4.16: Summary of results from the petrographic analysis of four aggregate sources 

studied by Hargis in 2009 

Constituents by C1260 gradation, ASTM C 295 (%) 

Aggregate 

source 
Chert 

White 

quartz 
Quartzite Caliche Rhyolite 

Siliceous 

volcanic 

rocks 

Other 

minor 

rock 

types 

C13 
Fine 33.8 21.1 4.9 14.7 20.2 0.0 5.3 

Coarse 70.8 19.0 4.2 0.6 0.0 0.0 5.4 

C38 
Fine 75.5 23.3 0.0 0.0 0.0 0.0 1.2 

Coarse 70.0 21.5 0.0 0.0 0.0 7.4 1.1 

C39 
Fine 69.9 26.7 0.0 0.0 0.0 0.0 3.4 

Coarse 75.5 23.3 0.0 0.0 0.0 0.0 1.2 

C40 
Fine 27.5 66.3 0.0 0.0 0.0 0.0 6.2 

Coarse 75.0 22.9 0.0 0.0 0.0 0.0 2.1 

 

For the purposes of this investigation, the most important value from the data in 

Table 4.16 is the percentage of chert present in each aggregate sample. All of the samples 

identified as “Coarse”, which correspond to the material used in ASTM C 1260 when 

evaluating coarse aggregates, have chert percentages between 70 and 75%. Criaud et al. 

(1994) used a chert content of 50 to 60% or higher to identify aggregates that are 

expected to present a ‘pessimum’ behavior. According to this criterion, all the coarse 

aggregates from the sources evaluated would be expected to present that type of behavior.  

The ASTM C 1260 expansion results at 14 days were plotted versus the chert 

content in Figure 4.20, for the eight aggregate samples in Table 4.16. In addition, results 

from the four coarse aggregates replaced by 75% of the non-reactive limestone were also 

taken into account. For these, the chert content in the mixture was assumed to be 25% of 

the value listed in Table 4.16.  
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Figure 4.20: ASTM C 1260 expansion results at 14 days versus chert content present in 

the mixture 

 

From the results graphed in Figure 4.20, it can be concluded that an inversely 
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The as-received coarse aggregate sample from C40 was also analyzed. The 

following constituents were found: chert (71.9%), quartzite (3.3%), limestone (1.9%) and 

granite (18.5%). The chert percentage in the as received coarse aggregate is very similar 

to the one of the crushed coarse aggregate (75.0%, see Table 4.16). This provides proof 

that the crushing process required to evaluate this aggregate in ASTM C 1260 does not 

significantly alter the amount of reactive minerals in the sample. 

The distribution of the chert content among the different sieves used for the 

analysis, expressed as a percentage of the total sample, is presented in Table 4.17. From 

this information and the grading requirements specified for ASTM C 1293 (see Table 

3.7), it was determined that chert represents approximately 71% of the weight of coarse 

aggregate used in the ASTM C 1293 concrete mixture. The total amount of coarse 

aggregate in the mixture represents approximately 65% of the total weight of aggregate 

used. Therefore, the content of chert in the concrete mixture was calculated to be around 

46% of the total aggregate weight. Nixon et al. (1989) observed the ‘pessimum’ effect in 

the CPT with the maximum expansion occurring at 10% flint. It is therefore possible that 

aggregate C40 was evaluated in ASTM C 1293 at a proportion exceeding its ‘pessimum’. 

 

Table 4.17: Distribution of the chert content of the as-received coarse aggregate sample 

from C40 among the sieve sizes used for the analysis  

Sieve size Chert, by weighted percent (%) 

25.4 mm (1") 12.9 

19.0 mm (3/4") 15.2 

12.5 mm (1/2") 20.9 

9.5 mm (3/8") 8.9 

4.75 mm (No. 4) 14.0 

Total 71.9 
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Using the chert content for the “Coarse” sample of aggregate C40 (75.0%, see 

Table 4.16), the complete ‘pessimum’ curve was recalculated and plotted again in Figure 

4.21. It can be clearly seen that the ‘pessimum’ proportion was found to be between 9.5 

and 10.5% of chert. This agrees with the ‘pessimum’ proportion found by other 

investigators when using the AMBT (see Chapter 2). 

 

 

Figure 4.21: 'Pessimum' curve for aggregate C40, in terms of the chert content in the 

mortar mixture 
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1260 could be useful to determine the range of chert contents that would generate 

deleterious expansions in concrete.  

The importance of considering the reactivity of the aggregate combination when 

‘pessimum’ type aggregates will be involved was highlighted by Sorrentino et al. (1992). 

The resulting expansion will depend on how close the total amount of silica in the 

combination is to the ‘pessimum’ proportion. It would be very valuable if ASTM C 1260 

could be used to evaluate the reactivity of aggregate combinations by reproducing the 

total amount of chert to be used in a job mixture. However, more research is needed to 

verify this idea. No conclusions can be made based on the results of only one aggregate. 
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Chapter 5: Conclusions and future work 

 

5.1. CONCLUSIONS 

5.1.1. Short-term testing regime to identify aggregates that exhibit a ‘pessimum’ 

behavior 

The main objective of this research was to determine an accelerated method for 

identifying aggregates that exhibit a ‘pessimum’ behavior. Modified versions of the 

AMBT and the Concrete Microbar Test (CMBT) were considered to fulfill this objective.  

Accelerated mortar bar test method (ASTM C 1260) and modifications 

 A trend between the location of the aggregate source and its reactivity according 

to the un-modified ASTM C 1260 was observed. Therefore, the location of the 

aggregate source could represent a first clue as to what type of behavior can be 

expected from an aggregate. 

 When the aggregates designated as possibly ‘pessimum’ were tested in 

combination with a non-reactive fine aggregate, higher expansions were measured 

as the amount of innocuous material in the mixture was increased from 0% to 

50% and 75%. This trend is contrary to what would normally be expected; it 

agrees perfectly with the concept of the ‘pessimum’ behavior. The proposed 

modification was therefore considered to be adequate to identify this type of 

aggregates. 

 Increasing the normality of the soak solution was the other modification explored. 

However, the desired results were not obtained. Expansions increased with the 

normality of the solution up to 2 N. After this value, they started decreasing with 
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increasing NaOH concentration. Furthermore, the 0.100% expansion limit was 

never exceeded, not even at 28 days of age. 

Concrete microbar test (CMBT) 

 The expansion results at 30 days obtained for all the ‘pessimum’ aggregates 

evaluated in this test were very low for an accelerated regime. Therefore, they 

were all classified as non-reactive. For this reason, this test was not considered 

effective to detect the ‘pessimum’ behavior in aggregates. 

 All the test conditions used were the same as for ASTM C 1260, except for the 

aggregate gradation. Even when an aggregate sample that required less crushing 

was tested (as in the CMBT), measured expansions remained low. This suggests 

that the processing required for evaluating the coarse aggregates in ASTM C 1260 

is not responsible of the low expansions measured in that test for the ‘pessimum’ 

aggregates. 

5.1.2. The ‘pessimum’ curve for aggregate C40 (from La Grange, Texas) 

 By combining this aggregate with different percentages of a non-reactive 

limestone from San Antonio, Texas, and testing the resulting combinations in 

ASTM C 1260, the ‘pessimum’ curve was successfully obtained. 

 The ‘pessimum’ expansion was found at 90% replacement. This means that the 

maximum expansion measured occurred when only 10% of the reactive aggregate 

was present in the mixture.  

 Failing expansions (greater than 0.100% at 14 days) were measured for 

replacement percentages between 50% and 95%. 

 From the petrographic analysis, it was determined that 75% of the crushed coarse 

aggregate sample used in ASTM C 1260 was chert. Using this result, the 
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‘pessimum’ curve was expressed in terms of the chert content present in the 

mixture. The ‘pessimum’ proportion was found to be between 9.5% and 10.5%. 

This result is consistent with values found by other investigators in the AMBT. 

 From the petrographic analysis performed on this aggregate it was concluded that 

the processing required for ASTM C 1260 does not significantly alter the amount 

of reactive minerals in the sample. 

5.1.3. Effectiveness of fly ash to mitigate expansions generated by ‘pessimum’ 

aggregates at or close to their ‘pessimum’ proportion 

 The effectiveness of two Class C ashes and one Class F ash were tested in ASTM 

C 1260, when the reactive aggregate in the mixture was replaced by 75% of a 

non-reactive limestone. This particular combination was considered to be close to 

the ‘pessimum’ proportion of the aggregates evaluated. 

 The Class F fly ash was more effective than the Class C ashes tested. The former 

achieved a higher reduction in expansion with a smaller cement replacement 

percentage. The three fly ashes studied were able to reduce the measured 

expansion at 14 days below the 0.100% limit specified in ASTM C 1260. 

However, the magnitude of the reduction achieved by each fly ash varied with the 

aggregate source being used. 

 Higher fly ash percentages could possibly be required if the aggregate was present 

in the mixture exactly at its ‘pessimum’ proportion. 

5.1.4. Behavior of ‘pessimum’ aggregates when evaluated in different ASR test 

procedures 

As mentioned in the first chapter of this thesis, one of the objectives of the study 

was to evaluate the behavior of ‘pessimum’ coarse aggregates in different ASR tests. A 

total of 13 aggregate sources were selected to form part of the extended experimental 
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program. Table 5.1 presents a summary of the outcome obtained for each of these sources 

in the tests in which they were analyzed. A “check mark” was used to indicate that the 

aggregate passed the test, and a “cross” to indicate the contrary. Out of these 13 sources, 

only aggregate C3 was classified as ‘non-pessimum’. The results from this source were 

separated from the rest to provide greater clarity when identifying the trends presented by 

the ‘pessimum’ aggregates in the different tests.  

 

Table 5.1: Summary of the outcome obtained for the 'pessimum' aggregates studied in the 

tests in which they were evaluated 

 
Coarse aggregates Fine aggregates 

 
ASTM C 1260 ASTM C 289 

ASTM 

C 1293 

ASTM  

C 1260 

ASTM 

C 289 
Source 

ID 

Un-

modified 

75% 

replacement 

Un-

modified 

Varying 

time periods  

Aggregates for which the 'pessimum' behavior was confirmed 

2 ✓ ✕ ✕ ✕ ✓ ✕ ✕ 

4 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

5 ✓ ✕ ✕ ✕ ✕ ✕ ✕ 

7 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

9 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

13 ✕ ✕ ✕ ✕ ✕ ✕ ✕ 

22 ✓ ✕ ✕ ✕ * ✕ ✓ 

23 ✓ ✕ ✕ ✕ ✕ ✕ ✕ 

37 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

38 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

39 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

40 ✓ ✕ ✕ ✕ ✕ ✕ ✓ 

Aggregate classified as 'non-pessimum' 

3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
*
 Inconclusive result since it corresponds to a 6 month measurement only. 
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From the detailed laboratory results presented in Chapter 4 and the summary in 

Table 5.1, the following conclusions can be made about the behavior of the ‘pessimum’ 

aggregates studied: 

 The coarse aggregates passed the un-modified ASTM C 1260, while the fine 

aggregates failed the test. Although this might be taken as an indication of a 

possible ‘pessimum’ behavior, it should not be used as the only criterion. 

Aggregate C13 failed ASTM C 1260 and yet it was found to be a ‘pessimum’ 

aggregate. 

 When the coarse aggregates were replaced by 75% of a non-reactive limestone in 

ASTM C 1260, all of the resulting combinations failed the test; when they were 

tested in the un-modified procedure they all passed the test (except for C13). This 

confirmed the ‘pessimum’ behavior in these aggregates and proved that when 

100% of the material is present in the mixture, the ‘pessimum’ proportion is far 

exceeded and therefore no significant expansion occurs.  

 All the coarse aggregates yielded large amounts of dissolved silica, as determined 

by ASTM C 289, and were therefore classified as deleterious or potentially 

deleterious. This confirms that aggregates with high quantities of highly reactive 

constituents are likely to present a ‘pessimum’ behavior. The measurements of 

dissolved silica for the corresponding fine aggregates were much lower; therefore, 

most of them were classified as innocuous.  

 The varying time periods modification of ASTM C 289, as carried out for this 

investigation, failed in identifying the ‘pessimum’ effect in the aggregates studied. 

According to the criteria used to analyze the results from this modification, all the 

coarse aggregates were classified as potentially reactive.  
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 Most of these ‘pessimum’ aggregates would have been identified as non-reactive 

based on the results of ASTM C 1260. However, they were found to be reactive 

according to ASTM C1293, proving that they could potentially generate 

durability problems in concrete. 

 Even though the dissolved silica results were lower for the fine aggregates, as 

compared to the corresponding coarse aggregates, the former presented higher 

expansions in ASTM C 1260. This behavior agrees with the ‘pessimum’ concept 

because it demonstrates that even if the available silica is limited, if it is close to 

the ‘pessimum’ proportion, significant ASR deterioration will occur. 

 The agreement between the results of ASTM C 1293 and ASTM C 289 was 

nearly perfect (except for C2). Contrary to the trend observed in ASTM C 1260, a 

directly proportional relation between the expansion results in ASTM C 1293 and 

the amount of dissolved silica was found. This is probably due to the fact that in 

ASTM C 1293 the reactive aggregates are combined with a non-reactive material, 

which probably moves the amount of silica in the mixture closer to the 

‘pessimum’ proportion and therefore allowing for larger expansions to occur. 

 Aggregate C3 was classified as ‘non-pessimum’. In addition, it was identified as a 

non-reactive aggregate by all the ASR tests in which it was tested. 

5.1.5. Relation between the petrographic characteristics of a reduced group of 

‘pessimum’ aggregates and their performance on selected ASR tests 

 For all the samples of material used to test the coarse aggregates in ASTM C 1260 

the chert content was between 70% and 75%. Such high contents of a highly 

reactive constituent should be taken as an indication of a possible ‘pessimum’ 

behavior. 
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 For the range of chert contents evaluated, the expansions measured in the un-

modified ASTM C 1260 were found to decrease with increasing content of chert, 

for both coarse and fine aggregates. The fine aggregates yielded higher 

expansions than the coarse aggregates, for a given chert content. This behavior 

agrees with the ‘pessimum’ concept and the correlation found demonstrates that 

the reactivity of this type of aggregates depends on the amount of reactive 

constituents present in the mortar or the concrete mixture.    

5.1.6. Final remarks on ‘pessimum’ aggregates 

 ‘Pessimum’ behavior can be successfully identified by testing the aggregate in 

question at 0% replacement (un-modified procedure) and 75% replacement in 

ASTM C 1260. If a higher expansion is obtained at 75% replacement, the 

aggregate is classified as potentially reactive with a ‘pessimum’ effect. Location 

of the source, high dissolved silica values as determined by ASTM C 289 and 

large contents of highly reactive minerals as determined by petrographic analysis 

can also be used as indications. 

 Even though the majority of the ‘pessimum’ aggregates studied followed similar 

trends, regarding the reactivity predicted by the tests in which they were 

evaluated, several exceptions were found (C2 and C13, see Table 5.1). Depending 

on the amount of reactive constituents present in each test, ‘pessimum’ aggregates 

are classified as reactive (for low chert contents) or non-reactive (for chert 

contents above the ‘pessimum’). Therefore, efforts should not focus on obtaining 

consistent results for these aggregates in the different tests, but on understanding 

the ‘pessimum’ behavior and being able to properly identify it. 
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 The fact that an aggregate presents the ‘pessimum’ behavior doesn’t mean that it 

will generate deleterious expansion in concrete. Whether the aggregate generates 

durability problems is a function of the amount of reactive silica in the concrete 

mixture. Care should be taken when combining ‘pessimum’ aggregates with other 

non-reactive aggregates. However, it is possible that by combining these 

‘pessimum’ aggregates with other highly reactive aggregates, deleterious 

expansion would be suppressed, due to the presence of an amount of reactive 

silica in excess of the ‘pessimum’ proportion. 

 

5.2. FUTURE WORK 

As emphasized in the previous section, when ‘pessimum’ aggregates are involved, 

expansion resulting from commonly used mortar and concrete ASR tests will depend on 

how close the amount of reactive constituents in the mixture is to the ‘pessimum’ 

proportion. Therefore, future work should concentrate on being able to identify the 

‘pessimum’ behavior in aggregate sources and on evaluating the reactivity of a given 

aggregate combination. The following topics deserve further investigation: 

 Perform a petrographic analysis on both ‘pessimum’ and ‘non-pessimum’ 

aggregates studied in this investigation. Even though some correlations were 

found between the petrographic characteristics of the four aggregates for which 

this data was available, the results are limited due to the reduced number of 

aggregates analyzed. More data should be collected to establish stronger 

correlations between the mineralogical composition of the aggregates and their 

performance on ASR tests. Petrography could be an important tool to verify if the 

‘pessimum’ behavior is present in an aggregate. 
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 Test the ‘pessimum’ aggregates studied in this research in the “Kinetic Method” 

and the “Autoclave Test”, with all of their requirements (exactly as they have 

been applied in France), to evaluate if these methods can be successfully used to 

identify the ‘pessimum’ behavior. If required, propose new criteria suited for 

Texas aggregates to interpret the results from both tests.  

 Evaluate if the alkali-aggregate reactivity of a given aggregate combination could 

be determined by means of reproducing the total amount of chert content in either 

the “Kinetic Method” or in ASTM C 1260. Being able to do this would be very 

valuable because it would allow, in certain cases, the use of ‘pessimum’ 

aggregates in the field. 

 Using ASTM C 1293, evaluate if testing a ‘pessimum’ source as both the coarse 

and the fine aggregate in the concrete mixture will inhibit ASR related expansion. 

This is based on the idea that in such a combination the ‘pessimum’ proportion 

would probably be exceeded and therefore the damage caused by the deleterious 

expansion could be greatly reduced. 

 Examine the behavior of the ‘pessimum’ aggregates studied in this research in 

outdoor exposure blocks. With the same idea presented in the previous 

recommendation, in addition to testing the coarse aggregates in combination with 

a non-reactive fine aggregate, they should also be evaluated in combination with 

the fine aggregate coming from the same source.  
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