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The impact-echo technique is a nondestructive test used to detect flaws in concrete. 

Although deterioration can be quantified through the Q-factor, little is known about 

its relationship to other parameters. This research study explored possible correlations 

between Q-factors and other parameters including expansion change, weight change, 

and compression strength in deteriorated concrete. The effect of adding potassium 

carbonate to accelerate deterioration in concrete was also investigated. Two batches 

of concrete were used: a control batch with no additional potassium carbonate added 

and a batch made with a total of 2.06% of potassium carbonate by weight of cement. 

The specimens were deteriorated through the UMD Modified Duggan Cycle or one of 

two sets of Freeze-Thaw cycles. The specimens subjected to the heating cycle did not 

show strong correlations between Q-factors and the other parameters. However, those 

used in the first set of Freeze-Thaw cycles experienced heavy deterioration and 



  

showed strong correlations between Q-factors and expansion and weight change and 

those from the second set revealed even stronger correlations.  
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Chapter 1: Introduction 

1.1 Problem Statement 

 Nondestructive tests such as the impact-echo test have shown promise in 

accurately detecting deterioration in concrete. In this test, deterioration in concrete 

can be quantified by the Q-factor value. However, little is known about the 

relationship of this value to other parameters such as expansion change, weight 

change and compression strength. Understanding how this quantity relates to these 

and other parameters could help lead to a better assessment of deterioration found in 

concrete. The purpose of this research study was to observe if a correlation between 

the Q-factor obtained from deteriorated specimens and other parameters existed. The 

effect of adding potassium carbonate to accelerate deterioration was also investigated. 

The specimens consisted of concrete prisms and cylinders made up of two batches 

which were tested regularly. One batch was used as the control batch, while the other 

one contained additional potassium carbonate. The addition of potassium carbonate 

was used to accelerate concrete deterioration through the formation of delayed 

ettringite as proven by previous research. The data obtained from the specimens 

subjected to the Duggan Cycle was gathered for a period of approximately five 

months and the data from the specimens subjected to Freeze-Thaw cycles was 

gathered until the Q-factors could no longer be obtained.   

1.2 Background 

This research study further explored results obtained from previous research 

carried out at the University of Maryland College Park which dealt with finding an 
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improved impact-echo method for the quantification of damage in concrete. One of 

the purposes of the previous research was to correlate the Q-factor with other 

parameters such as expansion change (McMorris, Amde, Cessay, Ramadan, and 

Livingston, 2007). Two batches of 3” x 3” x 11.5” prism specimens were created for 

that study. One batch served as the control batch with no additional potassium 

carbonate added, and the second batch was made with 1.5% potassium carbonate 

(anhydrous granular reagent grade K2CO3) by weight of cement. The purpose of the 

added potassium carbonate was to increase the alkali content of the concrete in hopes 

to accelerate deterioration by ettringite formation. The specimens were steam cured at 

a temperature of 85°C for four hours and stored in three different storing conditions: 

isothermal water bath with the PH maintained at 12.5, moist air chamber with a RH 

maintained at 97%, and plain water.  After six days of storage the specimens were 

subjected to the UMD Modified Duggan Test to accelerate deterioration by delayed 

ettringite formation. This previous study concluded that the rate of expansion of the 

concrete prisms was increased by the addition of potassium, the Q-factor values 

obtained corroborated by the expansion results, and that spectral indicators also 

corroborated with the Q-factor values. Although the results revealed a possible 

correlation between Q-factors and expansion, they were based on very limited data 

and a pattern was not clearly obvious.  

1.3 Objectives and Scope of Work 

The goal of this research study was to find correlations between Q-factors and 

expansion, weight change, and compression strength from specimens that were 

subjected to two different DEF accelerating processes: the UMD Modified Duggan 
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Cycle and Freeze-Thaw cycles. These two tests are known to accelerate deterioration 

and damage in concrete, which was important to do in a short amount of time in order 

to observe how the Q-factors changed over time. The objectives of this study are 

summarized in the following list:  

1. Literature review to investigate the Impact-Echo testing method, understand 

what the Q-factor, resonant frequency, and resonant frequency shift represent;  

2. Prepare a concrete mix design, establish a curing method, and decide on a 

storage method to use; 

3. Prepare procedures and methods to accelerate damage and ettringite growth 

particularly: Duggan Cycle and Freeze-Thaw Testing; and 

4. Perform the following tests to gather and analyze data: expansion 

measurements, weight change measurements, impact-echo testing and 

compression tests.   

1.4 Outline of Report 

 The report is divided into six chapters. Chapter 2 consists of a literature 

review of the impact-echo method, its components, what the Q-factor represents and 

how it is obtained. It also includes a section on concrete deterioration, specifically the 

type of deterioration expected to be found in the concrete specimens of this study: 

delayed ettringite formation (DEF) and alkali-silica reaction (ASR). Chapter 3 

explains the preparation of the specimens and the methods used to deteriorate them 

and initiate ettringite growth. The preparation information includes the mix designs, 

casting and curing method, and storing conditions used. The deteriorating methods 

discussed in this chapter include the UMD Modified Duggan Cycle and Freeze-Thaw 
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cycles. Chapter 4 summarizes the tests carried out to assess the deterioration in the 

specimens, and the procedure of these tests. Finally, Chapter 5 and 6 present the 

results found, conclusions, and recommendations based on the results. 
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Chapter 2: Literature Review 

2.1 Impact-Echo Method 

2.1.1 Introduction 

 

 The impact-echo method is a nondestructive technique used to evaluate flaws 

in concrete. It was developed at the U.S. National Institute of Standards and 

Technology and at Cornell University during the mid-1980s. This testing method is 

used to calculate the thickness of a member and to locate cracks, delaminations, and 

voids by detecting the presence of interfaces between materials with different 

mechanical properties. This technique is based on analyzing the responding 

propagation of waves resulting from a mechanical impact on the test object. Some of 

the factors that affect the detection of a flaw include the type of flaw and its 

orientation, its depth, and the contact time of the impact. According to Sansalone and 

Carino (1988) and Lin and Sansalone (1996), this method can detect planar concrete-

air interface parallel to the test surface, such as delaminations and voids most 

accurately. 

 

2.1.2 Basic Principle and Equations 

There are three different waves that propagate through the test object from an 

impact, a P-wave, an S-wave, and an R-wave. The P-wave, associated with normal 

stress, and the S-wave, associated with shear stress, both travel spherically through 

the object where as the R-wave travels away from the impact but along the surface of 

the object. Figure 2.1 illustrates a finite element simulation of the wave propagation 

caused by an impact on a plate (Sansalone and Carino, 1986).  The speeds of these 
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waves can be calculated by using the mechanical properties of the material which 

include: the Young’s modulus of elasticity, Poisson’s ratio, density, and shear 

modulus of elasticity. 

 

 

Figure 2.1: Finite Element Simulation of the Wave Propagation Caused by an Impact 

 

After an impact, P-waves and S-waves are reflected by either internal defects 

such as voids and cracks or external boundaries. The reflection’s amplitude of a wave 

that encounters a different material depends on the angle of incidence with 90° being 

the maximum, which is referred to as normal incidence.  At normal incidence, the 

reflection coefficient, R, becomes a function of the specific acoustic impedance of 

both materials encountered (Krautkramer and Krautkramer, 1990) as shown by the 

equation: 

 

 

Z2 = specific acoustic impedance of material 2 

Z1= specific acoustic impedance of material 1 

 

12

12

ZZ

ZZ
R

+

−
=
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Using the approximate specific acoustic impedance values for common 

materials found in concrete by Sansalone and Carino (1991), shown in Table 2.1, it 

can be seen that an interface with air would nearly result in total reflection of the 

waves. 

   

Table 2.1: Specific Acoustic Impedance Values for Materials in Concrete 

Material Specific acoustic impedance, kg/(m
2
 s) 

Air 0.4 

Water 0.5 x 10
6
 

Soil 0.3 to 4 x 10
6
 

Concrete 7 to 10 x 10
6
 

Steel 47 x 10
6
 

 

Each time the reflected waves (P-waves and S-waves) travel back to the 

surface they produce displacements which are then measured by a receiving 

transducer located near the point of impact. Figure 2.2 shows that in the time domain 

the time interval, ∆t, between P-wave arrivals at the test surface equals to the travel 

distance (twice the depth of the reflecting interface, 2T) divided by the speed of the 

wave, Cpp. The frequency, f, of the P-wave arrival is the inverse of this relationship 

(Carino, 2001).  

 

 

Figure 2.2: Time Interval between P-wave Arrivals and Frequency of P-wave Arrivals 
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To analyze the waveforms obtained from an impact-echo test, the waveforms 

are transformed from time domain into frequency domain using the Fast Fourier 

Transform technique. The result of this transformation is an amplitude spectrum 

which shows the various frequencies included in the waveform with the peak 

frequency representing the thickness of the reflecting source (Sansalone and Carino, 

1986). The frequency analysis principle is summarized below in Figure 2.3. 

 

 

Figure 2.3: Frequency Analysis of Impact-Echo Tests 
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 To calculate the depth of a flaw, t, in a concrete specimen as shown in Figure 

2.3, the overall thickness of the specimen, T, or the thickness of a similar size 

specimen must be known. With this information, the P-wave speed (Cpp) can then be 

calculated using the peak frequency from the frequency domain of the sound concrete 

specimen and the equation below by solving for Cpp. Once the P-wave speed is 

known, the depth of the defect, t, can be found by using the peak frequency of the 

flawed concrete specimen and the equation below but this time interpreting the value 

of “T” as “t” since the peak frequency of the flawed specimen is used. 

 

 

T    = Overall thickness of specimen  

Cpp = P-wave speed 

f      = Peak frequency from the frequency domain  

 

2.1.3 The Q-factor 

The quality factor, or quantity Q, of a forced vibration is a measure of the 

sharpness of resonance and it also can be interpreted as the inverse of the measure of 

internal damping. A decrease in Q-factor is thought to be an indication of micro-

cracking in concrete according to AASHTO Designation TP18. Sansalone et al 

(1997) have shown that a small flaw will shift the thickness frequency response to a 

lower value, even when the frequency peak does not change. Additionally, El-Korchi, 

Gress, Baldwin, and Bishop (1989) stated that the Q-factor is more sensitive to 

changes within the structure even when changes in the natural frequency are not 

f

C
T

pp

2
=
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observed. It was also concluded by El-Korchi et al (1989) that a decrease in the Q-

factor would indicate an increase in structural deterioration.  

The Q-factor value is obtained from the data after it has been converted to a 

frequency response using a Fast Fourier Transform (FFT) by fitting a standard 

frequency response curve to the measured data. Previous research has found that a 

Lorentzian curve is a good fit for this type of data (McMorris et al, 2007). The value 

is calculated by using the fundamental frequency, fn, and the two frequencies on both 

sides of the resonance at 0.707 times the amplitude, f1 and f2, as shown in the equation 

below. The Q-factor is independent of the dimensions of the structure. Figure 2.4 

describes the parameters used in the Q-factor equation below (Thomson, 1981): 

 

 

fn   =      Fundamental frequency 

f1, f2 =   Frequencies at both sides of the resonance at 0.707 times the amplitude 

 

12 ff

f
Q n

−
=
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Figure 2.4: Description of the Q-factor Equation 

 

2.1.4 Components and Procedure of Impact-Echo Testing  

 The impact-echo test method requires three components: a mechanical 

impactor used to produce short-duration impacts, a receiver to measure the surface 

response to the impact, and a data acquisition-signal analysis system, i.e. computer, to 

process and store the waveforms produced. The impactor used in the field usually 

consists of different diameter steel balls that are attached to a spring-steel rod. The 

selection of the appropriate diameter size steel ball plays an important part in 

detecting different sizes of flaws based on the impact duration the ball produces. The 

transducer measures the surface motion caused by the impact receiver and is often 

attached to the concrete surface with a grease-like material. Sansalone and Streett 
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(1997) also suggested that the distance between the placing of the impact point and 

transducer is crucial and recommend a spacing of less than 40% of the depth.  

 There are many portable commercial impact-echo products available for field 

use. Figure 2.5 below shows a commercial product manufactured by Impact-Echo 

Instruments LLC and currently used for impact-echo testing in the field.  

 

 

Figure 2.5: Commercial Components Used for Impact-Echo Testing 

 

 The procedure used in the field consists of producing a short-duration 

mechanical impact by tapping a small steel sphere against a concrete or masonry 

surface. The impact produces low-frequency stress waves that travel through the 

structure and are reflected by flaws and/or the external surface. The wavelengths of 

these stress waves are typically longer than the scale of natural inhomogeneous 

regions in concrete resulting in propagation through the concrete as though it were a 

homogeneous elastic medium. The resulting surface displacements are recorded by a 
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transducer and the resulting voltage-time signal is sent to the data acquisition system 

where it is digitized and transferred to the memory of a computer. In the computer, 

the voltage-time signal is transformed by FFT into a spectrum of amplitude versus 

frequency; both the waveform and spectrum are plotted on the computer screen. The 

dominant frequencies appear as peaks and can then be classified as associated with 

multiple reflections of stress waves within the structure or with flexural vibrations in 

thin or delaminated layers.    

 

2.2 Deterioration in Concrete: Delayed Ettringite Formation (DEF) and Alkali-Silica 

Reactivity (ASR) 

2.2.1 Introduction 

Delayed ettringite formation and alkali-silica reaction are known to be 

destructive to concrete. Alkali-silica reaction damaged concrete can be treated. 

However, delayed ettringite formation can damage concrete further by widening 

cracks which can lead to failure (Hime and Marusin, 1999).  

 

2.2.2 Definition and Difference 

Ettringite forms in concrete after a few months or years of placement in a 

moist environment and it is known to be destructive. It forms due to a reaction 

between gypsum and calcium aluminate (Day, 1992). The primary ettringite growth 

does not cause damage to the concrete, however its growth later on caused by 

environmental conditions or chemical reactions becomes known as delayed ettringite 

formation and can be destructive.  The term “delayed ettringite formation” has been 

controversial and was probably coined by Heinz and Ludwig in 1989. Other terms 
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that have been used include: secondary ettringite formation, late ettringite formation, 

and even internal sulfate attack. Alkali silica reaction or ASR is a reaction between 

alkalis found in cement and reactive silica usually found in aggregates. This reaction 

forms a gel which increases in volume in moist environments that applies pressure on 

the concrete causing it to expand and crack. Alkali-silica reaction often appears as 

map cracking on concrete surfaces. It is important to distinguish between DEF and 

ASR since misinterpretations between them are believed to frequently occur because 

both produce similar appearances. ASR is usually recognized for the formation of a 

gel and rims around aggregate particles, however in DEF microscopic ettringite 

crystals could appear as a “gel” as well.  

Although alkali-silica reaction has been researched far more extensively than 

delayed ettringite formation, it is believed that DEF could have been misinterpreted 

as ASR in the past (Hime and Marusin, 1999). Other researchers believe DEF is a 

consequence of ASR because it was found in distressed concrete railway ties 

produced in Germany (Lawrence, 1993) and Finland (Tepponen, 1987) among other 

countries. However, Hime and Marusin (1999) argue that it is more likely that either 

DEF in the ties promoted ASR or that the complete reaction of alkali sulfate to 

produce ettringite led to unusual reactivity of the released alkalies. Researchers agree 

that more research is needed on DEF to understand its connection to ASR. 

 

2.2.3 Heat Curing  

In 1992, Day conducted a literature analysis of the effect of secondary 

ettringite formation on the durability of concrete. Day concluded that secondary 
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ettringite formation can lead to significant deterioration in heat-treated concrete by 

producing expansion and cracking. The study stated that an early heat treatment at 

temperatures above 70° C can result in sulphates being bound in an unusual form 

which could be released back into a solution later, providing a supply of sulphate ions 

for secondary ettringite formation. Conversely, other researchers have found the 

identical development of ettringite in non-steam cured concrete (Mielenz, Marusin, 

Hime, and Jugovic, 1995).  

Previous research done at the University of Maryland College Park has also 

shown that heat curing can accelerate damage in concrete. Azzam (2002) concluded 

that the amount of expansion of steam-cured concrete prisms were higher than those 

which were water-cured for the same level of potassium content. Additionally, it was 

concluded that there is reduction in compressive strength due to steam curing as it 

was found that the compressive strength of steam-cured concrete was 2376 psi at day 

one and 2077 psi a year later.    

 

2.2.4 Previous Research on DEF-related Damage in Concrete 

 In 2007, Ceesay conducted research at the University of Maryland College 

Park on the characterization of damage in mortar and concrete specimens due to the 

formation of delayed ettringite (DEF). The concrete specimens in this study were 

subjected to the Duggan Heat Cycle and a specific Freeze-Thaw Cycle to initiate 

microcracks in a short amount of time. An objective of the study was to investigate 

the DEF-related damage in concrete based on the effect of potassium content and 

different exposure conditions.  The specimens used for the Duggan Heat Cycle were 
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steam-cured while the specimens used for the Freeze-Thaw Cycle were room 

temperature cured. The specimens used in that study consisted of a control batch and 

a batch with 1.5% of potassium per weight of cement. The potassium in the cement 

was taken into consideration when the 1.5% of potassium per weight of cement was 

calculated. Different storing conditions were used which included limewater, plain 

water, and field conditions among others. Ceesay (2007) concluded ettringite was 

found after 40 days of the Duggan Heat Cycle in all of the specimens from the control 

batch. As for the specimens with 1.5% potassium per weight of cement, ettringite was 

found after 40 days only in those stored in limewater. Ettringite was found in both 

batches subjected to the Freeze-Thaw Cycle treatment after 40 days.  

A different study performed by Azzam in 2002 investigated the influence of 

aggregate types, curing conditions, exposure conditions, and other factors on delayed 

ettringite formation. The results found in this study also illustrated that as the 

potassium content increased, the expansion increased for steam cured concretes. 

Similar results also were found for water cured specimens. 
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Chapter 3: Sample Preparation and Deteriorating Methods 

3.1 Introduction  

 Mixing and casting of the specimens used in this research study took place at 

the Civil and Environmental Engineering Lab of the University of Maryland at 

College Park and at the National Ready Mix Concrete Association Laboratory in 

Greenbelt, Maryland. Based on previous research done by Ceesay in 2004 and 

McMorris et al in 2007, it was concluded that adding potassium to the concrete 

mixture can accelerate its deterioration. Therefore two batches were prepared; one 

batch was used as a control batch (Batch I), while the other batch was made with an 

additional 1.5% for a total of 2.06% of potassium carbonate per weight of cement 

(Batch II). Both batches were subjected to a deteriorating method either the UMD 

Modified Duggan Cycle, or one of two sets of Freeze-Thaw cycles. The degree of 

damage in the specimens was assessed by expansion tests, weight change 

measurements, change in Q-factors obtained through impact-echo testing, and 

compressive strength tests.  

The goal of this study was to find correlations between Q-factors and the 

parameters mentioned above as the specimens deteriorate over time. Therefore, the 

initial measurements of expansion, weight change, and Q-factors were obtained after 

they were subjected to the UMD Modified Duggan Cycle. The initial measurements 

of the specimens used in the Freeze-Thaw cycles were taken before the first cycle was 

performed. The first compression strength test was done seven days after the Duggan 

Cycle and the rest were conducted at different intervals thereafter. 
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3.2 Specimen Preparation 

 

3.2.1 Mix Design and Materials 

Concrete specimens were prepared according to the ASTM C 192/C 192 M-

06 standards for making and curing concrete specimens in the laboratory. An air-

entrainment void system was not introduced into the concrete mixture since this 

would have reduced the effect of secondary ettringite formation (Day, 1992) and 

reduced the amount of deterioration. The concrete mix was proportioned using the 

Absolute Volume Method and prepared with a water to cement ratio of 0.5.                  

 Two batches were prepared. Batch I acted as the control batch and was made 

with no varying parameters, and Batch II was made with an additional 1.5% for a 

total of 2.06% of potassium carbonate by weight of cement. Potassium carbonate was 

added to Batch II since the addition of potassium has been proven to increase 

ettringite growth and expansion by previous research studies. The amount of 

potassium carbonate (K2CO3) used in Batch II was approximately 338.42 grams. Both 

batches were proportioned and mixed in the same manner. The mixing information of 

each batch is summarized in Table 3.1.  

 

Table 3.1: Mix Design 
 

 Weight  

Water  24.89     lb 

Cement 49.74     lb 

Coarse Aggregate 111.60   lb 

Fine Aggregate 81.62     lb 
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 The cement used was quick hardening Type III cement obtained from a local 

supplier. This type of cement was chosen because it has been proven to increase 

expansion and deterioration (Ceesay, 2007). An x-ray fluorescence (XRF) 

spectroscopy performed on a small sample of the cement done by CTL Group in 

Skokie, Illinois, revealed that the cement already contained 0.56% of potassium 

(K2O) by weight. The complete report of the spectroscopy is included in Figure 3.1 

below. The potassium already in the cement was not taken into account or subtracted 

from the 1.5% potassium carbonate per weight of cement added. Therefore, Batch II 

contained a total of 2.06% of potassium per weight of cement. The potassium used 

was anhydrous granular reagent grade potassium carbonate (K2CO3) and it was 

dissolved into the mixing water of the concrete mix used for Batch II.                                                  

 The aggregates used also were obtained from local suppliers. The coarse 

aggregate consisted of 1-inch maximum diameter limestone aggregate with a dry 

rodded weight of 102.3 lb/ft
3
, moisture absorption of 3%, and a specific gravity of 

2.72. The fine aggregate was Frederick Stone Sand that conforms to ASTM C33-99a.  

The Frederick Stone Sand had moisture absorption of 1.0%, a specific gravity of 2.69, 

and is considered intermediate reactive.  
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Figure 3.1: Report of Chemical Analyses of Cement Used 

 

 

3.2.2 Casting Procedure 

 

 Concrete specimens were prepared using steel prism molds and non-reusable 

PVC cylinders molds with lids in accordance to ASTM C192. The prisms prepared 

were 3” wide by 3” high by 11.25” long, and the cylinders were 4” in diameter and 8” 

long as seen in Figure 3.2. The steel prism molds had to be assembled with steel gage 

studs, for expansion measurements, using a rod so that 10 inches of space was 

available between them in accordance to ASTM C490 as shown by Figure 3.3. The 

prisms were used for expansion tests, weight change measurements and impact-echo 

testing, while the cylinders were used for compressive strength tests. 
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Figure 3.2: Steel Prism Molds and Non-reusable Cylinder Molds 

 

 

Figure 3.3: Steel Gage Studs in Prisms 
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Motor oil was spread inside the molds with a sponge, as seen in Figure 3.4, to 

help the demolding process. The materials were proportioned in buckets using a 

mechanical scale and the potassium carbonate was measured on a digital metric scale 

and dissolved in the water used for Batch II. A rotating mixer with a capacity of 3.0 

cubic feet was used to mix the concrete. After the concrete mixture was prepared, it 

was poured into the cylinder molds in two layers, rodding each layer 25 times and 

tapping the cylinders against the floor after each layer. The prisms were also tapped 

against the floor as the mixture was poured. Once this was complete, the specimens 

were struck off to obtain a finished smooth surface and either covered with aluminum 

foil (prisms) or covered with a lid (cylinders) to prevent drying and shrinkage, see 

Figure 3.5. A total of 28 concrete cylinders were prepared (14 for each batch) and 29 

concrete prisms (15 for Batch I and 14 for Batch II). 

 

 
 

Figure 3.4: Motor Oil Spread inside the Prism Molds with a Sponge 
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Figure 3.5: Specimens Covered with Aluminum Foil or Lids 

 

 

3.2.3 Curing Method and Storage Condition 

 

All 28 concrete cylinders, and 17 concrete prisms (9 from Batch I and 8 from 

Batch II) were steam cured directly after casting for four hours at 85 °C in a 

conventional oven. The concrete prisms (total of 12) which were not steam cured 

were used for Freeze-Thaw cycles and were room temperature cured.  After curing, 

all the specimens were taken out of their molds and stored. 

Based on the results found by Ceesay (2007), it was concluded that limewater 

was the ideal storage condition to accelerate deterioration in the specimens through 

ettringite growth. The specimens were stored, by fully submerging them, in plastic 

containers with limewater, as seen by Figure 3.6, at the Civil and Environmental 

Engineering Lab at College Park for approximately 18 days before subjecting them to 

either the UMD Modified Duggan Cycle or one of the two sets of Freeze-Thaw 
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cycles. The limewater was created by dissolving hydrated lime, obtained from a local 

supplier, into regular tap water. Once the Duggan Cycle was completed, the 

specimens were then returned to the limewater containers where they stayed for the 

remaining testing period.  

 

 

Figure 3.6: Specimens Stored in Limewater 

 

3.3 Deteriorating Methods 

3.3.1 UMD Modified Duggan Heating Cycle 

 A total of 17 concrete prisms and 28 concrete cylinders were subjected to the 

UMD Modified Duggan heating cycle. This cycle has been proven to accelerate 

deterioration in concrete by initiating cracking and ettringite formation (Ceesay, 

2007) and takes nine days to complete. The specimens were subjected to this heating 
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regime approximately 18 days after casting. Although in previous studies, the Duggan 

Cycle is initiated seven days after casting, the decision to wait 18 days was based on 

the conclusion made by Ramadan (2000) which found that extended periods of water 

storage can accelerate crack initiation time and maximize the rate of expansion.  

The Duggan Cycle was carried out in the following manner. The specimens 

were placed in an oven at 82 °C for the first 24 hours. In the second day, the 

specimens were taken out of the oven and allowed to cool down for one hour and a 

half before storing them in water for another 24 hours. This process was repeated in 

the third and fourth day. In the fifth day, the specimens were placed in the oven at 82 

°C for the next 72 hours. Once this heating period was over, the specimens were 

allowed to cool down for the last 48 hours. The initial measurements of expansion, 

weight change, and Q-factor were taken after the completion of this cycle and 

subsequent measurements were taken every three to five days for approximately five 

months. 

3.3.2 Freezing-and-Thawing Cycles 

 The Freeze-Thaw cycles were carried out in two different sets and in 

accordance with ASTM C 666 standards. A total of 12 room temperature cured 

concrete prisms were used for freeze-thaw testing. The first set consisted of testing 

six concrete prisms in an Environmental Chamber, while the second set tested six 

concrete prisms in a Rapid Freeze-Thaw Cabinet apparatus.  

The first set of freeze-thaw testing was performed on six concrete prisms, 

three from each batch, in an Environmental Chamber as the one seen Figure 3.7. The 

specimens were placed in a plastic container filled with tap water where they were 
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closely spaced and fully submerged. The chamber was programmed to run ten cycles 

continuously, each cycle lasting 12 hours to complete. A cycle consisted of lowering 

the temperature of the specimens from 4.4 °C to -18 °C during a two hour period, 

maintaining this temperature for the following four hours, raising it back to 4.4 °C 

during the next two hours, and keeping the temperature at 4.4 °C for the remaining 

four hours. The initial readings of expansion, weight change, and Q-factor 

measurements through impact-echo testing were taken at zero cycles and after every 

ten cycles thereafter until Q-factors could no longer be obtained. 

 

 
 

 

Figure 3.7: Environmental Chamber Used 

 

The second set of freeze-thaw testing was completed in a Rapid Freeze-Thaw 

Cabinet apparatus, see Figure 3.8 and Figure 3.9. In this test six concrete prisms were 



 

 27 

 

used, three from each batch, and each cycle consisted of lowering the temperature 

from 4.4 °C to -18 °C and raising it back up to 4.4 °C. This apparatus was not 

programmable and therefore it was manually stopped after every three cycles for the 

first 30 cycles and after five cycles thereafter until the Q-factor values could no 

longer be obtained or until the specimens failed. The average amount of time to 

complete one cycle was approximately 5.4 hours. However, the actual amount of time 

varied since it depended on the condition of the specimens. As the prisms 

deteriorated, the cycles became shorter.  

 

 

Figure 3.8: Rapid Freeze-Thaw Cabinet apparatus Used 
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Figure 3.9: Specimens in the Rapid Freeze-Thaw Cabinet apparatus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 29 

 

Chapter 4: Assessment Tests and Procedures 

4.1 Assessment Tests  

4.1.1 Introduction 

All the testing done as part of this research study was carried out at the Civil 

and Environmental Engineering Lab of the University of Maryland in College Park. 

The change in the microstructure and the degree of damage in the concrete prisms 

caused by the UMD Modified Duggan Cycle was assessed every three to five days 

after the heating regime for approximately five months. The damage caused by the 

Freeze-Thaw cycles was assessed after ten, three, or five cycles. The assessment of 

these specimens consisted of recording the following data:  

- Change in length 

- Change in weight 

- Change in Q-factor through impact-echo testing 

 

In addition, compression strength tests were performed on cylinders from 

Batch I and Batch II which were subjected to the UMD Modified Duggan Cycle at 

specific intervals. The schedule of the compression strength tests is described in 

Table 4.1 below.  

 

Table 4.1: Schedule of Compression Strength Tests 

Time of Testing Approximate age of specimen 

7 Days from Duggan 30 

30 Days from Duggan  60 

90 Days from Duggan 120 

120 Days from Duggan 150 

150 Days from Duggan 180 
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4.1.2 Number of Specimens Used 

Although a total of 29 concrete prisms (15 from Batch I and 14 from Batch II) 

were prepared, only 24 prisms were used for the assessment tests described above. 

The freeze-thaw damage was assessed by testing 12 concrete prisms, however only 

12 of the available 17 were used to monitor the damage caused by the Duggan Cycle. 

The remaining five specimens were kept in limewater and set apart. A summary of 

the specimens used in testing is described in Table 4.2. 

 

Table 4.2: Total Number of Specimens Used in Testing 

 

 Batch I Batch II 

Duggan Cycle 

- Prisms 

 

6 

 

6 

- Cylinders 14 14 

Freeze-Thaw Cycles   

- Prisms (Environmental Chamber) 

- Prisms (Freeze-Thaw Cabinet) 

3 

3 

3 

3 

 

4.2 Procedures 

4.2.1 Expansion Test 

 Expansion measurements were taken in accordance with ASTM C 157 

Standard Test Method for Length Change of Hardened Mortar and Concrete with a 

digital comparator accurate to + 0.0001 inches see Figure 4.1. The initial 

measurements were taken after the completion of the UMD Modified Duggan Cycle 

and before any Freeze-Thaw cycles were done. Subsequent readings were taken every 

three to five days (Duggan specimens), or after a specific number of Freeze-Thaw 

cycles (Freeze-Thaw specimens). The expansion measurements were made relative to 
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a 10” long bar after the specimens were taken out of the water and the excess water 

was removed with a towel. The equation used to calculate expansion percentage was 

calculated using: 

 

 

∆L = length change of the specimen at any age, % 

Lx = comparator reading of specimen at x age minus comparator reading of 

reference bar at x age, inches  

Li = initial comparator reading of specimen minus comparator reading of reference 

bar at that same time, inches 

G = nominal gage length, 10 inches 

 

 

Figure 4.1: Comparator Used for Expansion Tests 
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4.2.2 Weight Change Measurements 

 Weight change measurements were done along with the expansion 

measurements. The initial measurements were taken after the completion of the UMD 

Modified Duggan Cycle and before any Freeze-Thaw cycles were done. A digital 

scale with an accuracy of + 0.1 gram was used, see Figure 4.2. The specimens were 

taken out of the water, dried off with a towel, and weighted. The equation used for the 

percentage weight change was: 

   

 

∆W =     weight change of the specimen at any age, % 

Wx =       weight of specimen at x age  

Wi =       initial weight of specimen 

 

 

Figure 4.2: Scale Used for Weight Change Measurements 
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4.2.3 Impact-Echo Test 

 Impact-echo testing was done every time weight and expansion measurements 

were taken. The specimens were tested using the standard method as set in AASHTO 

Designation TP18: Standard Test Method for Determining the Fundamental 

Transverse Frequency and Quality Factor of Concrete Prism Specimens.  

 The impact-echo apparatus used consisted of a Fourier Analyzer, an impact 

hammer, an accelerometer and power supply, a specimen support base, and a 

computer with Virtual Bench software, see Figure 4.3.  The hammer was equipped 

with a tip of sufficient hardness and appropriate shape so as not to damage the 

concrete when used to impact it. It also contained an electronic load cell and a power 

supply capable of producing an output voltage that is proportional to the magnitude of 

the impact with the specimen. The accelerometer used was approximately 3/8 of an 

inch in diameter with a flat base and was attached to the specimens during testing 

using vacuum grease. The impact hammer and accelerometer are shown in Figure 4.4. 

The specimen support base is made up of two parallel piano wires of 0.0244-inches 

(0.62 mm) in diameter that allow the specimen to vibrate freely and minimize the 

amount of vibration energy absorbed from the specimen itself, see Figure 4.5. The 

wires were set up to support the specimen at a specific distance from each end of the 

specimen. Virtual Bench software was used to control the equipment and to record 

and store the data and OriginPro software was used to analyze the data. 
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Figure 4.3: Impact-echo Apparatus 

 

 

Figure 4.4: Impact Hammer and Accelerometer of Impact-echo apparatus 
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Figure 4.5: Impact-echo Support Base 

 

 The procedure used with this impact-echo device was different than that used 

by commercial products in the field. Testing a specimen consisted of centering it on 

the supporting wires in such a way as to have equal ends extending beyond the wire. 

The location of the wires was marked on all the specimens to keep the set up of each 

and their alignment consistent throughout the testing period. The accelerometer was 

attached to the top surface of the specimen as close to one end as possible using 

vacuum grease. Securing the accelerometer in the specimen was important in order to 

prevent irregularities in the response curve. After setting the specimen in place, a 

vertical impact was applied centered on the top surface and on the opposite end to 

where the accelerometer was attached. The impact was applied as near the end of the 

specimen as possible. The responses from the impact hammer and the accelerometer 
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were recorded using Virtual Bench software. At least three impacts on the specimens 

were applied before recording a final response, stopping vibrations between impacts, 

to observe a consistent response and a smooth shape. It was important to stop the 

vibrations between impacts because these can cause irregularities in the data. It was 

expected that as the specimens deteriorated, the response curve would become less 

smooth due to internal cracking. 

 

4.2.4 Compression Strength Test 

 Compression strength tests were performed in accordance with ASTM C39 

standards on 24 concrete cylinders (12 from each batch) which were subjected to the 

Duggan Cycle. A machine with a 400,000 lbs capacity was used, as shown in Figure 

4.6. The specimens were removed from the limewater, dried off with a paper towel, 

and measured (diameter measurements) before testing them at a load rate of 

approximately 25,000 lb/min. These tests were done at 7, 30, 90, 120, and 150 days 

(+ 2 day) after the completion of the Duggan Cycle as described in Table 4.1 in 

Chapter 4. The compressive strength reported in the graphs in Chapter 6 is the 

average compressive strength of the specimens tested at the different intervals. 
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Figure 4.6: Compression Strength Testing Machine Used 

  

 

 

 

 

 

 

 

 

 

 



 

 38 

 

Chapter 5:  Test Results 
 

5.1 Introduction 

 The changes in expansion, weight, and Q-factors of concrete specimens 

subjected to two different types of deteriorating methods were analyzed in this 

research study. In addition, the effect of adding potassium carbonate to accelerate 

deterioration also was investigated. The deteriorating methods included the UMD 

Modified Duggan Cycle and two sets of Freeze-Thaw cycles. Compression strength 

tests also were performed on the specimens subjected to the Duggan Cycle. Prism 

specimens subjected to the heating regime were tested for expansion, weight change, 

and Q-factor change through impact-echo testing for approximately five months, and 

specimens subjected to Freeze-Thaw cycles were tested until failure or until the Q-

factors from the impact-echo testing could no longer be obtained due to heavy 

deterioration. Concrete cylinders were used for compression strength tests done at 

different intervals as described in Table 4.1 in Chapter 4. Two batches were prepared, 

Batch I with no varying parameters, and Bach II, which contained an additional 1.5% 

of potassium carbonate by weight of cement. According to spectroscopy findings, the 

amount of potassium (K2O) already found in the cement used was 0.56% by weight 

of cement. Therefore, Batch II contained a total of 2.06% of potassium by weight of 

cement. 
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5.2 Expansion Test Results  

5.2.1 Duggan Cycle Batch I and Batch II 

 Six prism specimens from Batch I subjected to the Duggan Cycle were used 

for expansion measurements. Batch I served as the control batch and was prepared 

with no varying parameters. The initial measurements were taken after the completion 

of the Duggan Heat Cycle and every three to five days thereafter. A plot of the 

expansion change of each specimen from Batch I versus the concrete age after the 

heating regime is shown in Figure A.1 in the Appendix. The expansion at 21 days of 

Batch I was 0.0057%, which is much smaller than the threshold value of 0.05% 

expansion suggested by the Duggan test as pass/fail criteria for concrete. This implies 

that the concrete does not have the potential to deteriorate due to DEF. However, this 

threshold value is intended for smaller concrete cores and therefore it is not 

applicable in this case. The maximum average expansion change achieved by Batch I 

was 0.0153%, which occurred at day 90 after the Duggan Cycle had ended. There 

was little variation in the expansion change measurements after 44 days. The 

expansion at 150 days was 0.0102%. The expansion found in a similar study of heat 

cured concrete with 0.72% of potassium by weight of cement (Ramadan, 2000) at 150 

days after the Duggan Cycle was 0.03125%. The expansion change at 150 days after 

the completion of the Duggan Cycle by the control batch (with 0.82% of potassium 

by weight of cement) in a different study carried out by Ceesay in 2007 was 

approximately 0.0852%. These values are much larger than the expansion change 

experienced by Batch I in this research study. However, this is expected as each study 
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used cements with different amounts of potassium carbonate and different fine 

aggregates.  

 The expansion change measurements from Batch II were also taken from six 

prism specimens starting at the completion of the Duggan Cycle. Batch II contained a 

total of 2.06% of potassium by weight of cement. A plot of the expansion change 

observed from Batch II versus the concrete age is shown in Figure A.2 in the 

Appendix. The expansion change from Batch II increased steadily with time which 

was very different than the expansion change pattern observed from Batch I. The 21 

day expansion of Batch II was 0.0097%, which did not exceed the Duggan threshold 

value and implies that the concrete does not have the potential to deteriorate due to 

DEF. However, it should be noted that the Duggan threshold is intended for smaller 

concrete cores suggesting that larger prisms should have a lower threshold value since 

it has been found that the sample size affects the time to the start of expansion (Heinz 

and Ludwig, 1987). The maximum average expansion of Batch II was 0.0700% and it 

occurred at 150 days after the Duggan Cycle. The expansion at 150 days after the 

Duggan Cycle found in a similar study by Azzam (2002) of steam cured concrete 

specimens with a total of 2.1% potassium carbonate per weight of cement was 

approximately 0.5500%. Another similar study (Ramadan, 2000) of heat cured 

concrete with 2.1% of potassium carbonate by weight of cement revealed an 

expansion of 0.8250% at 150 days after the Duggan Cycle. These expansions are 

much larger than the values found in this study. However, this is expected as different 

amounts of potassium carbonate and different fine aggregates were used in each 

study. The study by Azzam (2002) used Medford Sand which was considered to be 
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nonreactive according to the Maryland State Highway Administration, the study by 

Ramadan (2000) used Natural Sand which was considered to be mildly reactive, and 

this study used Fredrick Stone Sand which was considered to be intermediate 

reactive. It has been found that the aggregate reactivity plays an important role in the 

expansion of concrete (Heinz and Ludwig 1989, and Diamond and Ong 1993).  

 A plot comparing the expansion change of Batch I and Batch II is shown in 

Figure 5.1. It is evident from this plot that the addition of potassium carbonate greatly 

increases the expansion change in specimens subjected to the Duggan Cycle.  

 

 

Figure 5.1: Expansion Change Comparison of Duggan Specimens 

 

5.2.2 Environmental Chamber Freeze-Thaw Batch I and Batch II 

 Freeze-thaw testing was carried out in two different sets. The first set 

consisted of testing six specimens using an Environmental Chamber, three from 
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Batch I and three from Batch II. The expansion change measurements on these 

specimens were taken every ten cycles. All measurements were taken until Q-factors 

from the impact-echo testing were no longer obtainable. 

The concrete specimens from Batch I tested in the Environmental Chamber 

were able to endure a total of 60 cycles. The maximum average expansion change of 

the specimens from Batch I was 1.0037%.  Figure A.3 in the Appendix shows the 

expansion change versus the number of cycles acquired for all three specimens of 

Batch I. Although the specimens from this batch were still intact after 60 cycles, 

expansion change measurements had to be stopped because the specimens were very 

fragile and heavily deteriorated. Consequently, fundamental frequencies were no 

longer evident from the impact-echo results and Q-factor values could no longer be 

calculated.   

 Two of the three specimens from Batch II tested in the Environmental 

Chamber were able to endure a total of 40 cycles, and one endured 50 cycles. The 

maximum average expansion change of the specimens from Batch II was 1.4760%, 

which is 47% higher than the maximum expansion experienced by the specimens 

from Batch I. Figure A.4 in the Appendix shows the expansion change of all three 

specimens from Batch II. Unlike the specimens from Batch I, these specimens 

deteriorated to the point of breaking into pieces.  

 A comparison between the expansion change versus the number of cycles of 

Batch I and Batch II is shown in Figure 5.2. The findings represented by the graph 

prove that the addition of potassium carbonate to Batch II accelerated deterioration 

since those specimens revealed greater expansion changes.  
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Figure 5.2: Expansion Change Comparison of Environmental Chamber Specimens  

 

5.2.3 Cabinet Apparatus Freeze-Thaw Batch I and Batch II 

As previously stated, freeze-thaw testing was carried out in two different sets. 

The second set of freeze-thaw testing was performed on six specimens, three from 

each batch, using a Rapid Freeze-Thaw Cabinet apparatus. The expansion 

measurements of these specimens were done every three cycles for the first 30 cycles 

and every five cycles thereafter until Q-factor measurements through impact-echo 

testing could no longer be obtained. 

One of the three specimens from Batch I subjected to Freeze-Thaw cycles in 

the Rapid Freeze-Thaw Cabinet apparatus was able to endure a total of 100 cycles, 

and the other two were able to complete 105 cycles. Figure A.5 in the Appendix 

shows the expansion change versus the number of cycles observed from these 
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specimens. The maximum average expansion change reached by the specimens of 

Batch I was 1.2455%, which occurred at the end of the 105
th

 cycle. 

The specimens from Batch II did not endure as many cycles as the ones from 

Batch I. Two specimens were able to endure a total of 90 cycles, while one was able 

to complete 100 cycles. A plot of the expansion change versus the number of cycles 

of all three specimens from Batch II is shown in Figure A.6 in the Appendix. The 

maximum average expansion of Batch II was found to be 1.3500%, which occurred at 

the end of the 100
th

 cycle. The maximum expansion reached by the specimens from 

Batch II was only 8% higher than the maximum expansion reached by Batch I.  

 A plot comparing the expansion change observed versus the number of cycles 

endured by Batch I and Batch II is shown in Figure 5.3. This graph illustrates that the 

addition of potassium carbonate to Batch II accelerated deterioration and resulted in 

higher expansion changes, though not as high as the ones observed by the specimens 

subjected to the Freeze-Thaw cycles in the Environmental Chamber and the 

specimens subjected to the Duggan Cycle.  
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Figure 5.3: Expansion Change Comparison of Freeze-Thaw Cabinet Specimens 

 

5.3 Weight Change Measurement Results 

5.3.1 Duggan Cycle Batch I and Batch II 

 The weight change measurements of twelve prism specimens, six from each 

batch, subjected to the UMD Modified Duggan Cycle were taken every three to five 

days along with the expansion change measurements.  

Batch I was the control batch and was prepared with no varying parameters. 

Figure A.7 in the Appendix shows the weight change versus the concrete age of all 

six specimens from Batch I. The maximum average weight change achieved by Batch 

I was 0.5913% which occurred at 128 days after the completion of the Duggan Cycle. 

It was observed that the weight change of the specimens from Batch I increased 

steadily with time.     
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 The weight change measurements of specimens from Batch II were done 

using six concrete prisms, each containing a total of 2.06% of potassium carbonate by 

weight of cement. Figure A.8 in the Appendix shows the weight change versus the 

concrete age of the specimens from Batch II after the completion of the Duggan 

Cycle. The weight change of the specimens from Batch II increased steadily with 

time and was very similar to that of Batch I. The maximum average weight change 

observed by Batch II was 0.6893% at 150 days after the completion of the Duggan 

Cycle. 

 A plot comparing the weight change versus the concrete age of Batch I and 

Batch II is shown in Figure 5.4. As can be seen from this plot, the addition of 

potassium carbonate had little effect in the weight change since both batches 

displayed similar weight change patterns. However, the gap between Batch I and 

Batch II seemed to increase with time after day 80. 
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Figure 5.4: Weight Change Comparison of Duggan Specimens 

 

5.3.2 Environmental Chamber Freeze-Thaw Batch I and Batch II 

 As mentioned earlier, three specimens from each batch were subjected to 

Freeze-Thaw cycles in an Environmental Chamber. The weight change measurements 

of these specimens were taken along with the expansion change measurements, every 

ten cycles. Weight change measurements and all other measurements were taken until 

the Q-factors from the impact-echo testing could no longer be obtained.  

All three specimens from Batch I endured 60 cycles before measurements 

were stopped. The maximum average weight change of the specimens from Batch I 

was 0.9453%, which occurred after the 60
th

 cycle was completed. Figure A.9 in the 

Appendix shows the weight change versus the number of cycles obtained of all three 

specimens from Batch I.  
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 Most of the specimens from Batch II were able to endure 40 cycles and one 

was able to withstand 50 cycles. A plot of the weight change over the number of 

cycles observed from all three specimens of Batch II is shown in Figure A.10 in the 

Appendix. The maximum average weight change of Batch II was found to be 

1.8306%, which was measured after the completion of the 40
th

 cycle. The maximum 

weight change of the specimens from Batch II was 93% higher than the maximum 

weight change of the specimens from Batch I.  

 A comparison of the weight change observed versus the number of cycles 

endured by Batch I and Batch II is shown in Figure 5.5. As can be seen from the plot, 

the addition of potassium carbonate in Batch II accelerated deterioration and resulted 

in greater weight change measurements than those observed by Batch I.    

 

 

Figure 5.5: Weight Change Comparison of Environmental Chamber Specimens 
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5.3.3 Cabinet Apparatus Freeze-Thaw Batch I and Batch II  

 A total of six concrete prism specimens, three from each batch, subjected to 

Freeze-Thaw cycles in the Rapid Freeze-Thaw Cabinet apparatus were used for 

weight change measurements. The weight measurements were conducted along with 

expansion measurements, every three cycles for the first 30 cycles and every five 

cycles thereafter until failure or until Q-factors could no longer be obtained.  

 Most of the specimens from Batch I were able to endure a total of 105 cycles; 

however one specimen completed only 100 cycles. Figure A.11 in the Appendix 

shows the weight change observed over the number of cycles endured for all three 

specimens from Batch I. The weight change in this batch increased until the 80
th

 cycle 

achieving a maximum average weight change of 1.8518%. However, after the 80
th

 

cycle the specimens started to experience loss of concrete due to heavy deterioration 

and the weight change measurements started to decrease.    

 The specimens from Batch II were able to endure fewer cycles than those 

from Batch I, two reached 90 cycles while one reached 100 cycles. A plot of the 

weight change versus the number of cycles endured by the three specimens from 

Batch II is shown Figure A.12 in the Appendix. The maximum average weight 

change of Batch II was found to be 1.6959% at the end of the 75
th

 cycle. However, as 

with Batch I, the specimens from Batch II started to experience loss of concrete due 

to deterioration after the completion of the 75
th

 cycle and the weight change 

measurements decreased. The weight change of Batch II started to decrease more 

rapidly than the weight change of Batch I. 
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A plot comparing the weight change observed of the specimens from Batch I 

and Batch II is shown in Figure 5.6. It can be observed from this plot that the addition 

of potassium carbonate in Batch II did not result in significantly greater weight 

changes than the ones observed by Batch I. However, the potassium carbonate did 

accelerate deterioration in the specimens from Batch II since those specimens started 

to deteriorate before the specimens from Batch I. 

 

 

Figure 5.6: Weight Change Comparison of Freeze-Thaw Cabinet Specimens 

 

5.4 Q-factor from Impact-echo Results 

5.4.1 Duggan Cycle Batch I and Batch II 

 The Q-factors from the specimens subjected to the Duggan Cycle were 

acquired through impact-echo testing, which was performed along with expansion 
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and weight change measurements every three to five days after the completion of the 

heating regime. The Q-factors were calculated using a Lorentzian fit curve, since this 

curve has been shown by previous research (McMorris et al, 2007) to be a good fit for 

this type of data.  

Overall, the Q-factors calculated from these specimens did not vary much 

over the five months that they were observed. Figure 5.7 shows the average Q-factors 

from Batch I and Batch II plotted versus the concrete age after the completion of the 

Duggan Cycle. It can be observed from the plot that the Q-factors from Batch II were 

lower than those obtained by Batch I. This is probably due to deterioration through 

DEF and ASR caused by the addition of potassium carbonate to Batch II. While the 

Q-factors from both batches did not seem to change significantly, the Q-factor values 

from Batch II seem to slightly decrease over time. This observation is based on the 

slight increase in the gap difference between the two batches that can be observed 

from the plot. The standard deviation, a measure of the data spread about the mean, of 

Batch I was found to be 1.0933, while the standard deviation of Batch II was 1.0546. 

This confirmed that the Q-factors obtained from both batches did not vary much over 

the length of the research study. 
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Figure 5.7: Q-factor Change of Duggan Specimens 

 

 5.4.2 Environmental Chamber Freeze-Thaw Batch I and Batch II 

 The Q-factors from the specimens subjected to the Freeze-Thaw cycles in the 

Environmental Chamber were obtained through impact-echo testing done along with 

expansion and weight change measurements every ten cycles. The initial Q-factor 

measurements were calculated before any cycles were performed. It was observed 

that the Q-factors obtained from these specimens decreased every ten cycles. The 

decrease indicates an increase in structural deterioration and an increase in freeze-

thaw deterioration.  Figure 5.8 shows a plot of the Q-factors versus the number of 

cycles of the specimens from Batch I and Batch II. As can be seen from the plot, the 

Q-factors from Batch II were lower than those of Batch I probably due to the 

specimens’ deteriorated condition caused by the addition of potassium carbonate to 



 

 53 

 

Batch II. The gap difference between the two batches seems to remain consistent over 

the number of cycles. 

 

 

Figure 5.8: Q-factor Change of Environmental Chamber Specimens 

 

5.4.3 Cabinet Apparatus Freeze-Thaw Batch I and Batch II  

 The Q-factors from the specimens subjected to Freeze-Thaw cycles in the 

Rapid Freeze-Thaw Cabinet apparatus were calculated from data of the impact-echo 

testing that was gathered along with expansion and weight change measurements 

every three cycles for the first 30 cycles and every five cycles thereafter. It was 

observed that the Q-factors from these specimens also decreased after each group of 

cycles, which indicates structural deterioration. Figure 5.9 shows the plot of the Q-

factors found versus the number of cycles endured by the specimens from Batch I and 
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Batch II. The plot revealed that the Q-factors from Batch I and Batch II were similar 

to each other. However, the Q-factors of Batch II were still lower than those of Batch 

I, which implies that the addition of potassium carbonate accelerated deterioration in 

this batch. 

 

 

Figure 5.9: Q-factor Change of Freeze-Thaw Cabinet Specimens 

 

5.5 Compression Strength Test Results  

5.5.1 Duggan Cycle Batch I and Batch II 

 Compression strength tests were carried out using concrete cylinders, 12 from 

Batch I and 12 from Batch II, at different intervals as described in Table 4.1 in 

Chapter 4. Figure 5.10 shows the results obtained from the compression strength tests 

with error bars (standard deviation), and Table 5.1 provides a detailed summary of 
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these results. The addition of potassium to Batch II had a significant effect in the 

concrete’s compressive strength, while the strength of Batch I increased over time, 

the strength of Batch II did not increase as much and started to decrease after 120 

days of the completion of the Duggan Cycle. At 150 days after the completion of the 

heating regime, Batch II showed a 10% reduction in strength while Batch I revealed a 

27% increase. 

 

 

Figure 5.10: Compression Strength of Duggan Specimens with Error Bars 
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Table 5.1: Summary of Compression Strength of Duggan Specimens 

Compression Strength, psi 
Days after Duggan 

Batch I Batch II 

7 2768 1940 

30 3550 2688 

90 4146 3280 

120 4524 3461 

150 5739 3115 

 

The compressive strength at 30 days after the Duggan Cycle was found to be 

3550 psi and 2688 psi, for Batch I and Batch II respectively. A similar study 

performed by Ceesay (2007) of heat-cured concrete specimens with 0.82% of 

potassium carbonate by weight of cement (control batch) subjected to the Duggan 

Heat Cycle and stored in limewater found a compressive strength of 5182 psi at day 

28. In that same study, a batch with a total of 1.5% of potassium carbonate by weight 

of cement revealed a compressive strength of 4521 psi at 28 days after the Duggan 

Cycle. The compressive strength of Batch I found in this study is low when compared 

to the control batch of the study performed by Ceesay (2007). However, the amount 

of potassium carbonate in the cement used for the control batch in the study by 

Ceesay (2007) was 46% higher than the amount of potassium carbonate in the cement 

used for the control batch of this study. The compressive strength of Batch II was 

much lower than the one found from the batch containing 1.5% of potassium 

carbonate by weight of cement in the study by Ceesay (2007). It should also be taken 

into consideration that there was a difference in the total amount of potassium 

carbonate used and that there was a difference in the amount of time between casting 
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and starting the Duggan Cycle between these two studies. Specimens in this study 

were stored in limewater for approximately 18 days before subjecting them to the 

heat cycle, whereas the specimens in the other study was subjected to the cycle 7 days 

after casting. Another difference between these two studies was the storage condition. 

The specimens in the study by Ceesay (2007) were stored in limewater which was 

monitored and maintained at a pH of 12.5. The specimens in this study were stored in 

limewater as well, but the water used was not monitored or maintained at any specific 

pH value.  

 

5.6 Correlation with Q-factors from Impact-Echo Results 

The main goal of this research study was to investigate a correlation between 

the expansion change, weight change, and compressive strength to the Q-factors 

obtained through impact-echo testing. Linear regression analyses were performed to 

find correlations between these parameters. All plots below display the equation of 

the best fit line as well as the coefficient of determination value (R
2
). The R

2
 value 

was used to interpret the strength of the correlation.       

 

5.6.1 Duggan Cycle Batch I and Batch II:  

5.6.1.1 Expansion Correlation 

 The first correlation sought of the specimens subjected to the UMD Modified 

Duggan Cycle was one between expansion change and Q-factor values. Figure 5.11 

shows a plot of the average Q-factors obtained versus the expansion change observed 

in Batch I and Batch II. As mentioned earlier, the expansion change and the Q-factors 
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of Batch I did not vary much over the period of the research study. Therefore, as can 

be seen from the plot, the data for this batch was mostly concentrated in one area. 

However, there was more variation observed in Batch II. Linear regression analyses 

were performed and plotted in Figure 5.12 and Figure 5.13, for Batch I and Batch II 

respectively.    

 

 

Figure 5.11: Q-factor and Expansion Change Correlation of Duggan Specimens 

 

 The fit of the linear regression model in the specimens from Batch I and Batch 

II was not found to be very strong. The coefficients of determination, R
2
, were 0.0852 

and 0.0869, for Batch I and Batch II respectively. These coefficients suggest that the 

fit is weak and, therefore, the correlation is weak. The slope of the linear trend line 

represents the variation in Q-factor with varied expansion. Based on results of a 
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previous study (McMorris et al, 2007) it was expected that a decrease in expansion 

would be associated with an increase in Q-factor. Conversely, this was only the case 

for the specimens from Batch II as those from Batch I produced a positive slope 

revealing that a decrease in expansion was associated with a decrease in Q-factor. In 

fact, the Q-factors from Batch I seemed to increase over time instead of decrease as 

expected. El-Korchi et al (1989) suggest that one way the value of Q can increase is 

through the creation of a more dense material through increased or continued 

hydration of cement. El-Korchi et al (1989) concluded that continued cement 

hydration would decrease void space and hence decrease the damping and internal 

friction which would minimize the energy loss associated with the transfer of P-

waves resulting in large Q parameter values. Thus, the increase in Q-factors found in 

this study could be due to the storage condition since the specimens were stored in 

limewater before subjecting them to the Duggan Cycle and throughout the entire 

period of the research study.  
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Figure 5.12: Q-factor and Expansion Change Correlation of Batch I (Duggan)  

 

Figure 5.13: Q-factor and Expansion Change Correlation of Batch II (Duggan)  
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5.6.1.2 Weight Change Correlation 

 The second correlation sought from these specimens was one between the Q-

factor values and the weight change experienced. Figure 5.14 shows the plot of the Q-

factors obtained versus weight change measurements. As can be seen from the plot, 

the data from Batch I is not as widely spread as the data from Batch II. However, a 

linear regression analysis was performed on both batches and displayed by Figure 

5.15 and Figure 5.16 to investigate possible correlations.  

 

 

Figure 5.14: Q-factor and Weight Change Correlation of Duggan Specimens 

 

 The linear regression analyses revealed that the correlation of the specimens’ 

Q-factors and weight change was weak. The linear regression model for Batch I was 

found to have a coefficient of determination (R
2
) of 0.0603 which does not suggest a 
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very strong correlation. Batch II had a coefficient of determination of 0.0764 which 

also reveals a poor correlation. The slope of the linear trend line represents the 

variation in Q-factor with varied weight change. As expected based on the previous 

analysis of the correlation between Q-factor and expansion, the decrease in weight 

change of Batch I was accompanied with a decrease in Q-factors which resulted in a 

positive slope of the line.       

 

 

Figure 5.15: Q-factor and Weight Change Correlation of Batch I (Duggan) 
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Figure 5.16: Q-factor and Weight Change Correlation of Batch II (Duggan) 

 

5.6.1.3 Compression Strength Correlation 

 The third correlation sought of the specimens subjected to the Duggan Cycle 

was one between Q-factor values and compression strength of the concrete at 

different intervals. Figure 5.17 shows the correlation between Q-factors and 

compression strength of Batch I and Batch II. As mentioned earlier, the specimens 

from Batch II were significantly weaker than those from Batch I due to the 

deterioration caused by the addition of the potassium carbonate. In fact, the 

compression strength decreased at 150 days after the completion of the Duggan 

Cycle. For this reason, the last test data point from Batch II was omitted from the 

linear regression analysis performed.  
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Figure 5.17: Q-factor and Compression Strength Correlation of Duggan Specimens 

 

The regression analysis is shown by Figure 5.18 and Figure 5.19. The 

analyses revealed a poor correlation between Q-factors and compression strength by 

each batch. The coefficients of determination found were 0.1256 for Batch I and 

0.0736 for Batch II. The slope of the linear trend line represents the variation in Q-

factor with varied compression strength. As expected, Batch I revealed a positive 

slope as Q-factors from this batch increase over the five month period of the research 

study. 
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Figure 5.18: Q-factor and Compression Strength Correlation of Batch I (Duggan) 

 

Figure 5.19: Q-factor and Compression Strength Correlation of Batch II (Duggan) 
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5.6.2 Environmental Chamber Freeze-Thaw Batch I and Batch II  

5.6.2.1 Expansion Correlation 

 Since the specimens subjected to the Freeze-Thaw cycles in the 

Environmental Chamber were tested until failure or until data could no longer be 

obtained because of heavy deterioration, these specimens were expected to reveal 

stronger correlations. The correlation between expansion change and Q-factors was 

analyzed first. Figure 5.20 shows a plot of the average Q-factors obtained versus the 

expansion change observed by Batch I and Batch II. Seeing as a correlation between 

these two parameters was evident in both batches, a linear regression analysis was 

performend for each batch as shown by Figure 5.21 and Figure 5.22. 

 

 

Figure 5.20: Q-factor and Expansion Change Correlation of Env. Chamber Specimens 
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 The linear regression model of Batch I was found to have a coefficient of 

determination of 0.6074 which suggests the correlation is somewhat weak. The 

coefficient of determination of Batch II was 0.6703, which implies a stronger 

correlation than that of Batch I but a correlation that is nonetheless still somewhat 

weak. It is expected that if data had been obtained between fewer cycles, the 

correlation between these parameters might have been stronger; in this study 

measurements were only taken every ten cycles and a total of six to seven data 

measurements were gathered before failure. The slope of the linear trend line 

represents the variation in Q-factor with varied expansion, and, as was expected, a 

decrease in expansion was accompanied with an increase in Q-factors. 

 

 

Figure 5.21: Q-factor and Expansion Change Correlation of Batch I (Env. Chamber) 
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Figure 5.22: Q-factor and Expansion Change Correlation of Batch II (Env. Chamber) 

 

5.6.2.2 Weight Change Correlation 

 The second correlation sought of the specimens subjected to the Freeze-Thaw 

cycles in the Environmental Chamber was one between Q-factors and weight change 

measurements. Figure 5.23 shows a plot of the Q-factors versus the weight change 

obtained from Batch I and Batch II. As it can be observed from the plot, a correlation 

between these two parameters exists. To further explore this, a linear regression 

analysis was performed for each batch.  
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Figure 5.23: Q-factor and Weight Change Correlation of Env. Chamber Specimens 

 

 The linear regreassion analysis for each batch is displayed in Figure 5.24 and 

Figure 5.25. The fit of the linear regression model of Batch I was good as revealed by 

its coefficient of determination of 0.7613. However, Batch II showed to have an even 

stronger correlation since its coefficient of determination was 0.8138. Again, it is 

expected that the correlation between these two parameters could have been stronger 

if data had been taken between fewer cycles. The slope of the linear trend line 

represents the variation in Q-factor with varied weight change and, as was expected, a 

decrease in weight change was accompanied with an increase in Q-factor values. 
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Figure 5.24: Q-factor and Weight Change Correlation of Batch I (Env. Chamber) 

 

Figure 5.25: Q-factor and Weight Change Correlation of Batch II (Env. Chamber) 
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5.6.3 Cabinet Apparatus Freeze-Thaw Batch I and Batch II 

5.6.3.1 Expansion Correlation 

 The specimens subjected to the Freeze-Thaw cycles in the Rapid Freeze-Thaw 

Cabinet apparatus also were tested until failure or until the data could no longer be 

obtained. Since data for these specimens was gathered between fewer cycles than the 

data from the specimens used in the Environmental Chamber, stronger correlations 

were expected. The correlation between Q-factors and expansion change was sought 

first. Figure 5.26 shows a plot of Q-factors obtained versus the expansion change 

experienced by Batch I and Batch II. Linear regression analysis was performed for 

each batch as shown in Figure 5.27 and Figure 5.28.  

 

 

Figure 5.26: Q-factor and Exp. Change Correlation of F-T Cabinet Specimens 
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 The linear regression model of Batch I was found to have a coefficient of 

determination of 0.8651 which suggests a strong correlation. The fit of the regression 

model was even stronger in Batch II since its coefficient of determination was 0.8819. 

The goodness of the fit of the linear model is probably due to the amount of data used 

in the analysis. The correlations found by these specimens were much stronger than 

the ones found by the specimens subjected to the Freeze-Thaw cycles in the 

Environmental Chamber where less data was analyzed. The slope of the linear trend 

line represents the variation in Q-factor with varied expansion, as expected a decrease 

in expansion was accompanied with an increase in Q-factors. 

  

 

Figure 5.27: Q-factor and Expansion Change Correlation of Batch I (F-T Cabinet) 
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Figure 5.28: Q-factor and Expansion Change Correlation of Batch II (F-T Cabinet) 

 

5.6.3.2 Weight Change Correlation 

 The second correlation sought of the specimens subjected to Freeze-Thaw 

cycles in the Rapid Freeze-Thaw Cabinet apparatus was one between Q-factors and 

the weight change experienced. Figure 5.29 shows the plot of Q-factors versus the 

weight change observed from the specimens of Batch I and Batch II. The plot reveals 

a possible correlation between these parameters, thus a linear regression analysis for 

each batch was performed as shown by Figure 5.30 and Figure 5.31. 
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Figure 5.29: Q-factor and Weight Change Correlation of F-T Cabinet Specimens 

 

 The linear regression analyses revealed strong correlations between these two 

parameters in both batches. The fit of the linear model of Batch I was found to be 

strong due to its high coefficient of determination of 0.8598. Batch II suggested an 

even stronger correlation since the coefficient determination for this batch was found 

to be 0.8870. These correlations were considerably stronger than the ones found in 

the specimens subjected to the Freeze-Thaw cycles in the Environmental Chamber. 

The slope of the linear trend line represents the variation in Q-factor with varied 

weight change, as expected a decrease in weight change was accompanied with an 

increase in Q-factors. 
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Figure 5.30: Q-factor and Weight Change Correlation of Batch I (F-T Cabinet) 

 

Figure 5.31: Q-factor and Weight Change Correlation of Batch II (F-T Cabinet) 
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5.7 Discussion of Results  

It is evident from the results that adding potassium carbonate accelerated 

deterioration caused by DEF and ASR in the specimens from Batch II resulting in 

greater expansion in those specimens subjected to the UMD Modified Duggan Cycle, 

Freeze-Thaw cycles in the Environmental Chamber, and those in the Rapid Freeze-

Thaw Cabinet apparatus. However, the deterioration was not well assessed by the 

weight change measurements. The weight change measurements from Batch I and 

Batch II were very similar in those specimens subjected to the Duggan Cycle and the 

Freeze-Thaw cycles in the Rapid Freeze-Thaw Cabinet apparatus. Nonetheless, there 

was a significant difference between the weigth change measurements of Batch I and 

Batch II in the specimens subjected to the Freeze-Thaw cyles in the Environmental 

Chamber.  

The deterioration due to DEF and ASR was evident from the Q-factor values 

obtained from all the specimens. A previous research project concluded that micro-

cracking causes damping which in turn causes the free vibrations to decrease in 

amplitude as a function of time. Thus, as micro-cracking occurs, damping increases 

due to the pumping action that takes place as cracks open and close during the 

vibration cycle. As viscous damping increases with deterioration, the Q-factor values 

decrease (McMorris et at, 2007). This was evident from the results of this study since 

the Q-factors obtained from Batch II were much lower than those of Batch I. 

Additionally, deterioration was evident by the compression strength results of the 

specimens subjected to the Duggan Cycle as Batch II showed a decrease in 

compressive strength at 150 days of the completion of the heating regime. 
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As can be seen from Table 5.2 below, the specimens subjected to the Duggan 

Cycle did not show strong correlations. This was probably because these specimens 

did not deteriorate due to DEF and ASR as much in the five month period as the 

specimens subjected to Freeze-Thaw cycles. It is expected that results over a longer 

period of time will confirm stronger correlation between Q-factors and expansion and 

agree with observations made by a previous research study (McMorris et at, 2007). In 

that study, specimens were observed over a period of two years in which deterioration 

in the form of internal cracking caused by DEF and ASR caused the response 

spectrum to be less smooth and produced a significant decrease in Q-factor values.    

The specimens subjected to the Freeze-Thaw cycles experienced heavy 

deterioration. The specimens in the Environmental Chamber revealed somewhat weak 

correlations between Q-factors and expansion and weight change parameters. 

However, it is expected that if data had been gathered between fewer cycles the 

correlations may have been stronger. The strongest correlations found were in the 

specimens subjected to the Freeze-Thaw cycles in the Rapid Freeze-Thaw Cabinet 

apparatus. The data from these specimens was gathered between fewer cycles than 

the data gathered from the specimens used in the Environmental Chamber.  

It was observed that for each deteriorating method the correlations were 

always stronger, except for the compression strength correlations, in the specimens 

from Batch II than the correlations from Batch I. This suggests that further 

deterioration due to DEF and ASR took place in the specimens with the added 

potassium carbonate. 
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Table 5.2: Summary of Coefficients of Determination (R
2
) 

 Batch I Batch II 

Duggan Cycle   

Q-factor vs. Expansion Change 0.0852 0.0869 

Q-factor vs. Weight Change 0.0603 0.0764 

Q-factor vs. Compression Strength 0.1256 0.0736 

   

Environmental Chamber: Freeze-Thaw   

Q-factor vs. Expansion Change 0.6074 0.6703 

Q-factor vs. Weight Change 0.7613 0.8138 

   

F-T Cabinet Apparatus: Freeze-Thaw   

Q-factor vs. Expansion Change 0.8651 0.8819 

Q-factor vs. Weight Change 0.8598 0.8870 
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Chapter 6: Summary and Conclusions 
 

6.1 Summary  

 The main objective of this research study was to find correlations between Q-

factors and other parameters in deteriorated concrete. In addition, the effect of adding 

potassium carbonate to accelerate deterioration through the growth of ettringite was 

also investigated. The deteriorating methods included the UMD Modified Duggan 

Cycle and two sets of Freeze-Thaw cycles. The first set was done in an 

Environmental Chamber, and the second set in a Rapid Freeze-Thaw Cabinet 

apparatus. The project was conducted with two batches of concrete specimens 

prepared in the laboratory. One batch was used as control (Batch I), while the other 

one contained additional potassium carbonate (Batch II). A total of 12 prisms and 14 

cylinders were used for each batch. In each batch, six prisms were used for the 

Duggan Cycle, three were used in the Environmental Chamber, and three were used 

in the Rapid Freeze-Thaw Cabinet apparatus. All the specimens used for the Duggan 

Cycle were steam-cured, while those used for the Freeze-Thaw cycles were cured at 

room temperature.    

The specimens subjected to the Duggan Cycle were tested for expansion, 

weight change and Q-factor change through impact-echo testing every three to five 

days after the Duggan Cycle for approximately five months. The specimens subjected 

to the Freeze-Thaw cycles in the Environmental Chamber were tested for these 

measurements every ten cycles until Q-factors could no longer be attained. Those 

specimens used in the Rapid Freeze-Thaw Cabinet apparatus were tested every three 

cycles for the first 30 cycles and every five cycles until Q-factors could no longer be 
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obtained. Compression strength tests were carried out on specimens subjected to the 

Duggan Cycle. These compression tests were performed at 7, 30, 90, 120, and 150 

days after the completion of the heating regime. A summary of the results found in 

this study are summarized in Table 6.1, Table 6.2, and Table 6.3.   

  

Table 6.1: Summary of Measurements of the Duggan Specimens 

Duggan Cycle Specimens Batch I Batch II 

Max. Expansion Change 0.0153% at day 90 0.0700% at day 150 

Max. Weight Change 0.5913% at day 128  0.6893% at day 150 

Max. Compression Strength 5739 psi at day 150 3461 psi at day 120 

 

Table 6.2: Summary of Measurements of the first set of Freeze-Thaw Specimens 

Environmental Chamber Batch I Batch II 

Max. Number of Cycles Endured 60 cycles 50 cycles 

Max. Expansion Change 1.0037% at 60 cycles 1.4760% at 50 cycles 

Max. Weight Change 0.9453% at 60 cycles 1.8306% at 40 cycles 

 

Table 6.3: Summary of Measurements of the second set of Freeze-Thaw Specimens 

F-T Cabinet Apparatus Batch I Batch II 

Max. Number of Cycles Endured 105 cycles 100 cycles 

Max. Expansion Change 1.2455% at 105 cycles 1.3500% at 100 cycles 

Max. Weight Change 1.8518% at 80 cycles 1.6959% at 75 cycles 

 

6.2 Conclusions 

 The following conclusions were reached based on the analysis of the results 

found in this research study: 
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• The addition of potassium carbonate accelerated deterioration in concrete 

prisms causing an increase in expansion of specimens subjected to the Duggan 

Cycle. However, the weight changes of these specimens were not significantly 

affected since both batches revealed similar weight changes.   

• The concrete cylinders with added potassium carbonate subjected to the 

Duggan Cycle experienced a 10% decreased in compression strength at 150 

days, while the control specimens experienced a 27% increase, suggesting that 

the potassium accelerated deterioration in the concrete. 

• The specimens with added potassium carbonate subjected to the Freeze-Thaw 

cycles in the Environmental Chamber experienced a significant increase in 

expansion and weight change when compared to the control set. Both batches 

of the specimens used in the Rapid Freeze-Thaw Cabinet apparatus also 

experienced somewhat similar expansion and weight changes.  

• Deterioration due to DEF and ASR caused by the potassium carbonate 

resulted in a decrease of Q-factor values of all the specimens when compared 

to the control sets.  

• Specimens subjected to the Duggan Cycle revealed the weakest correlation 

between Q-factors versus expansion and weight changes. The correlation 

between Q-factors and compression strength was also very weak. The 

weakness of these correlations was probably because these specimens did not 

deteriorate as much as the ones used in the Freeze-Thaw cycles. Further 

research should be performed to investigate this observation over a long-term 

period (> five months). 
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• The specimens subjected to Freeze-Thaw cycles in the Environmental 

Chamber revealed stronger correlations between Q-factors versus expansion 

and weight change than the Duggan specimens. However, it is expected that 

these correlations might have been even stronger if data was gathered between 

fewer cycles (< ten cycles).   

• The specimens used in the Rapid Freeze-Thaw Cabinet apparatus revealed 

stronger correlations between Q-factors versus expansion and weight change 

as compared with the other specimens subjected to freeze-thaw cycles. Data 

from these specimens was gathered between fewer cycles than the ones in the 

Environmental Chamber.  

• This research study found that the most deteriorated specimens always 

revealed the strongest correlations, thus indicating that to obtain stronger 

correlations specimens should be analyzed until heavy deterioration is 

reached. Since the specimens subjected to the heat cycle did not deteriorate 

much over the period of this study, it is recommended that such specimens be 

subjected to additional heating cycles or be examined for a period longer than 

five months.        
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Appendix 
 

Plots of Individual Specimens 
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Expansion Plots 

 

Figure A.1: Duggan Batch I- Expansion vs. Concrete Age after Duggan Cycle 
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Figure A.2: Duggan Batch II- Expansion vs. Concrete Age after Duggan Cycle 
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Figure A.3: Environmental Chamber Batch I- Expansion vs. Number of Cycles 

 

Figure A.4: Environmental Chamber Batch II- Expansion vs. Number of Cycles 
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Figure A.5: Freeze-Thaw Cabinet Batch I- Expansion vs. Number of Cycles 

 

Figure A.6: Freeze-Thaw Cabinet Batch II- Expansion vs. Number of Cycles 
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Weight Plots 

 

Figure A.7: Duggan Batch I- Weight Change vs. Concrete Age after Duggan Cycle 
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Figure A.8: Duggan Batch II- Weight Change vs. Concrete Age after Duggan Cycle 
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Figure A.9: Environmental Chamber Batch I- Weight Change vs. Number of Cycles 

 

Figure A.10: Environmental Chamber Batch II-Weight Change vs. Number of Cycles 
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Figure A.11: Freeze-Thaw Cabinet Batch I- Weight Change vs. Number of Cycles 

 

Figure A.12: Freeze-Thaw Cabinet Batch II- Weight Change vs. Number of Cycles 
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