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Abstract 

The ever-evolving concrete construction industry has required stronger concrete, faster turnarounds, and 

better durability. To achieve this, the concrete mixtures have changed drastically, including a large 

amount of cementitious materials, lower amount of water relative to the amount of cementitious materials, 

supplementary cementitious materials, and chemical admixtures. Each of these changes alters the 

properties and the behaviour of both fresh and hardened concrete. The standards and codes relating to the 

quality control and assurance of concrete structures were based on research conducted decades ago, which 

utilized on concrete mixtures which contained none of these changes and would not meet the expectations 

of modern concrete construction. The parameters of core testing, time, location, and direction of core 

extraction, the condition of the core between extraction and testing, the diameter, and the length-to-

diameter (l/d) ratio of the core, all have effects on the results of the compressive strength test. Due to the 

property changes caused by the modern concrete mixtures, the effect that these parameters had on the 

result of the compressive strength test may or may not be true nowadays.  

At the request of the Ministry of Transportation of Ontario, an experimental project was conducted to 

determine the effects that various parameters have on the day 28 compressive strength of concrete 

samples, and which combination of these parameters would be optimal for quality assurance testing 

purposes. In total, 8 sets of concrete structures were created and tested, totaling 884 concrete samples, of 

which 713 underwent compression testing. These sets of concrete samples included beams, wall sections 

to represent girder webs, large box structures, manhole risers, and standard concrete cylinders which were 

constructed in the University of Waterloo laboratory and in pre-cast manufacturer facilities. Other tests 

were conducted, including the bulk resistivity, rapid chloride permeability, and air void systems. These 

tests are not discussed in this thesis but were discussed elsewhere [1]. The purpose of this project was to 

determine how different core parameters affected the compressive strength results, and how modern 

concrete mixtures adhere to the current practices outlined in standards and codes. These parameters are 

the time of coring (day 3, 7, 14, and 28), location of the core along the length and height of a structure, 

direction of core extraction (perpendicular or parallel to the direction of casting), the condition of the core 

between extraction and testing (sealed in plastic or soaked in a saturated calcium hydroxide solution), the 

diameter of the core (75 mm or 100 mm), and the core l/d ratio (2 or 1.5). A statistical analysis was 

carried out at a 95% confidence level to determine these effects. 

Each sample set varied a parameter to isolate its effect on the compressive strength. Once isolated, the 

effect of the parameters was determined through statistical comparisons. The time of coring was found to 
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have no significant effect on the day 28 compressive strength, regardless of how the core was conditioned 

between the coring and testing day. The height and length along a structure was also found to be 

insignificant, provided the concrete mixture included supplementary cementitious materials (SCMs) 

which reduce the bleed water. A similar conclusion was found for the direction of coring: provided the 

concrete mixture includes SCMs which reduce bleed water, there was no significant difference between 

the two directions of coring: perpendicular and parallel to the casting direction. However, the condition in 

which the core is stored between coring and testing was found to be significant. The cores which were 

soaked had a 2.3% lower compressive strength than cores sealed in plastic, as recommended by ASTM 

C42 [2]. The soaked cores were also half as variable with a coefficient of variation (CoV) of 4.73% 

compared to 9.31% for the sealed cores. The strength correction factor (SCF) in ACI 214 [3] of 0.917 for 

equating a sealed core compressive strength to a soaked core was found to be inadequate for the data 

presented, which found 0.977 to be adequate. Similar for the diameter of the samples: 75 mm diameter 

samples were found to have a 1.5% higher and 25% more variable compressive strength than 100 mm 

diameter samples. The SCF found in ACI 214 [3] was found to be adequate for the data presented. Lastly, 

the l/d ratio models presented in CSA A23.1 [4], ASTM C42/C39 [2, 5], and ACI 214 [3] were found to 

not adequately represent the data in this project. Instead, a modified version of the ACI 214 model was 

suggested; however, this model was sensitive to the input data. Another suggestion is to calculate a SCF 

for each unique concrete mixture and structure type by averaging the compressive strengths of samples 

with the standard l/d ratio of 2 to the compressive strengths of samples with a non-standard l/d ratio (i.e. 

𝐹𝑙 𝑑⁄ = 𝑓𝑐,𝑙 𝑑⁄ =2 𝑓𝑐,𝑙 𝑑⁄ ≠2⁄ ). This second method provided SCFs on par with the modified ACI 214 model, 

while compensating for sensitivity in the concrete mixtures and construction techniques.   

Once all the effects of the parameters discussed above are combined, the variability of 100 mm 

diameter samples with an l/d ratio of 1.5 was found to be less than the variability of 75 mm diameter 

samples with an l/d ratio of 2. To ensure equivalent variability in sets of samples, additional cores should 

be extracted, depending on the CoV of the sample data and the non-standard parameters. For example, 

with a CoV of 6.1%, four saturated cores with a 100 mm diameter and an l/d ratio of 1.5 or five saturated 

cores with a 75 mm diameter and an l/d ratio of 2 would be required to be equivalent to three standard 

cores. To ensure the same probability of passing quality assurance testing, where the average compressive 

strength of three cores must be at least 0.85𝑓𝑐
′ with no single value below 0.75𝑓𝑐

′ [3, 4], the limits may be 

changed to accommodate the increased variability associated with non-standard parameters on the core. 

For instance, with a CoV of 6.1%, five 75 mm diameter cores with an l/d ratio of 2 having no single value 

below 0.66𝑓𝑐
′ would be equivalent to the current three 100 mm diameter cores with an l/d ratio of 2 

having no single value below 0.75𝑓𝑐
′. 
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All of findings above lead to the conclusions that concrete samples from modern concrete mixtures, 

which include high cementitious contents, low water to cementitious materials ratio, SCMs, and chemical 

admixtures, are not represented adequately by the current codes and standards.   
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Introduction 

1.1 Background 

Concrete has been used in construction for thousands of years, dating back to ancient Egyptian and 

Roman eras [6]. These early civilizations understood the simple properties of concrete: a quick hardening 

mixture that is strong in compression, but weak in tension. The Egyptians used mud and straw at the 

beginning, moving to lime and gypsum for use in pyramid construction [6]. The Romans built mainly 

with stone and mortar construction, with the mortar hardening through exposure to the carbon dioxide in 

the air, and not through chemical hydration as with concrete nowadays. For more important structures, 

naturally reactive volcanic sand was used. When this sand was paired with lime, which is crushed and 

burned limestone, and water, it hydrated and hardened. This was one of the first mass produced 

cementitious materials and was used to build countless wonders of the Roman Empire, including the 

Pantheon, the largest unreinforced concrete dome ever constructed [6]. The Romans utilized admixtures 

in this early concrete mixture, such as animal fat, milk, and blood [6]. However, the art of concrete 

manufacturing was lost when the Roman Empire fell, and progress was not made until 1793 when a 

method for producing lime through limestone containing clay was discovered. Portland cement was 

invented in 1824 when the proportions of finely ground clay and gypsum burned in a kiln and ground into 

a powder were refined. This cement was named “Portland” because, when hardened, it resembled the 

stone in Portland, England. Over time, this process was further refined, including the introduction of 

gypsum in the grinding process, controlling the rate of setting which allows more time for placement, the 

invention of rotary kilns by Thomas Edison in 1909, and air entrainment agents in 1930, which allows for 

greater resistance to freezing [6].  

As time passed, more and more additives were created for the use with concrete mixtures, including 

supplementary cementitious materials (SCMs), superplasticizers, and retarders. SCMs were often unused 

byproducts of other industries such as coal combustion, iron and steel production, and ferro-silicon alloy 

production. When SCMs were first introduced into concrete mixtures, they were a cheap alternative to 

replace a portion of the cement required, as previously, the owners were discarding these SCMs. Some of 

these SCMs even enhanced the properties of the concrete mixture and the hardened concrete, and over 

time, SCMs were sought after for these benefits. With the decreasing coal combustion, recycling and 

importation instead of production of other materials, SCMs increased in price and became less common. 
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However, in recent years, due to the environmental impact of cement production, regulatory agencies 

have started to dictate a minimum amount of SCMs in concrete mixtures to reduce the environmental 

impact of concrete construction.   

Many of the standards and codes relating to concrete testing were established in the period when SCMs 

were not common in the average concrete mixtures [2–4, 7]. However, over the past two decades, since 

the research conducted underlying these standards and codes was completed, the concrete construction 

industry has evolved, requiring stronger concrete, faster turnarounds, and better durability. The concrete 

mixtures have changed greatly to compensate, increasing the amount of cementitious materials in the 

mixture, introducing chemical admixtures to allow for ease of construction, and incorporating varying 

types and amounts of SCMs to achieve the performance required. All these changes alter the behaviour of 

both fresh and hardened concrete. Thus, some of the standards and codes established on the old concrete 

may not be accurate for modern concrete.  

1.2 Research Significance 

The Ontario standards currently allows for coring of a 100 mm diameter sample with length-to-diameter 

(l/d) ratio of 2 to be conducted between 7 and 10 days after casting and testing of these cores on day 28. 

The specified diameter, l/d ratio, allowed coring time, and how the core is stored between coring and 

testing have been defined through research conducted decades ago. In the ever-evolving industry of 

concrete construction, the effect of these parameters on the compressive strength of a concrete sample 

may have also changed. Understanding how these parameters effect modern concrete samples can allow 

for better use of extracted cores. However, if these parameters could be changed while still presenting the 

same results, the concrete industry could become more efficient and accurate, by potentially using 

smaller, less invasive cores for evaluation of the concrete structure.  

1.3 Research Objectives 

The main objective of this thesis is to determine those parameters that effect the results of a compressive 

strength test on core samples extracted from modern concrete mixtures. These include: 

• Conditioning procedure: Comparison of the currently practiced conditioning states of concrete 

samples to determine which one leads to a more reproducible better result: soaked in a solution 

of saturated calcium hydroxide or dry sealed in plastic, 

• Location and direction of coring: Determination of whether the location from which the core is 

extracted, with respect to the length and height along the sample, and direction of extraction, 
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perpendicular or parallel to the direction of concrete casting, effects the compressive strength 

of the core, 

• Core dimensions: Verification of the current l/d ratio strength correction factors utilized in 

current codes with modern concrete mixtures, 

• Diameter effects: Determination of the differences between 100 mm and 75 mm diameter cores 

with respect to the effects on the compressive strength test result. 

All of the above objectives will lead to the conclusion of the optimal coring parameters for a 150 mm 

thick girder web, mainly: 100 mm diameter at 150 mm length (l/d ratio = 1.5) or 75 mm diameter at 150 

mm length (l/d ratio = 2).  
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Literature Review 

This chapter discusses the literature on the topics related to this thesis. These topics include how modern 

concrete mixtures change the properties of concrete, factors which affect the compressive strength of 

concrete samples, and factors which affect the length-to-diameter ratio strength correction factor. While 

the effects of the constituents of the concrete mixture are not directly investigated in this thesis, some 

results obtained may be related to these different constituents; and therefore, a brief understanding of how 

these various constituents change the concrete properties is given.    

2.1 Concrete Mixtures 

The standards and code related to compressive strength testing and coring are mainly based on research 

conducted decades ago [2–4]. The concrete mixtures utilized have changed drastically since that research 

has been conducted. Nowadays, supplementary cementitious materials (SCMs), chemical admixtures, and 

different cements are commonplace in modern concrete mixtures. These constituents of the concrete 

mixtures are ever changing and can change the properties of the hardened concrete, which may affect the 

relationships found in the research that are used as a basis for the codes and standards. The SCMs 

included in modern concrete mixes include blast furnace slag, fly ash and silica fume, while admixtures, 

such as superplasticizers and retarders are also used frequently. In precast applications, high early (HE) 

strength cement is used for a faster turnaround in production. The following sections will discuss in detail 

how each of these affect the performance of concrete in terms of compression strength and durability, as 

well as other miscellaneous properties. 

2.1.1 Supplementary Cementitious Materials (SCMs) 

SCMs are added to the concrete mixture to reduce the amount of Portland cement used, for both 

environmental and financial reasons, and to improve the properties of the concrete in both the hardened 

and wet phases. Blast furnace slag is typically added to reduce the heat of hydration and improve 

workability [8–10]. Fly ash is added to allow for long-term strength development [11, 12]. Silica fume is 

added to increase the density of the microstructure, due to the extremely fine particles, which results in 

more durable and stronger concrete [13–16]. The next sections will discuss in more detail about these 

SCMs. 
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2.1.1.1 Ground Granulated Blast Furnace Slag 

Ground granulated blast furnace slag (BFS) is an SCM which is a byproduct in the production of iron. 

The production of BFS can be controlled to ensure a low variability in the material and chemical 

properties. The BFS particles are small and smooth compared to cement [17], which increases workability 

of fresh concrete, but also increases the cohesiveness [9]. With a high fineness, BFS can also reduce 

bleeding [18]. The hydration reaction of BFS requires a high pH to initiate, which results from cement 

hydration [10]. Due to this requirement, the reaction is delayed, and a concrete containing BFS retards the 

hydration reaction at normal temperature by about 30-60 minutes [9]. Due to this delayed and continuous 

reaction, BFS provides a reduced heat of hydration, and a long-term strength gain [10], as shown in 

Figure 2.1. 

 

Figure 2.1: Compressive Strength of Concrete Cubes Containing Varying Amounts of BFS by Mass 

of Total Cementitious, Moist Cured at Room Temperature [10, 18]. Reprinted with Permission 

from Pearson Education Limited [18] 

The use of steam curing on BFS concrete mixtures is beneficial as the reactivity of BFS increases at 

higher temperatures [14, 19]. Conversely, very low temperatures hinder the reaction, resulting in poor 

strength development below 10°C [20, 21]. From a durability standpoint, the denser microstructure and 

the increase in C-S-H, which is the main product of hydration, precipitated in the pore water, caused by 

the inclusion of BFS, decreases the permeability of the concrete [21, 22]. This decreased permeability 
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also decreases chloride diffusion [14, 21, 22]. However, the decreased permeability of BFS concrete 

mixture does not increase the concrete’s resistance to freeze-thaw damage [8, 9, 18].  

2.1.1.2 Fly Ash 

Fly ash is a SCM which is obtained as a byproduct from coal power generation process [18]. There are 

three classifications for fly ash under ASTM C618 - Coal Fly Ash and Raw or Calcined Natural Pozzolan 

for Use in Concrete: Class N, Class F, and Class C [23]. The physical properties, including fineness, 

strength, water requirement, etc., are the same for each classification, with the chemical compositions 

differing [23]. Class F and Class N have similar chemical compositions as they are both acting as 

pozzolans, whereas Class C fly ash has both pozzolanic and cementitious properties and, thus, different 

chemical properties [23].  

Fly ash requires a high alkalinity of the pore water to react, and when silica fume or blast furnace slag 

is also included in a concrete mixture, the alkalinity is reduced [24]. When included in a concrete mixture, 

fly ash typically reduces the water demand by 5-15% and increases workability [25, 26]. Fly ash also 

increases the long-term strength of concrete, compared to concrete mixtures containing cement only, by 

its pozzolanic nature and similar particle size to cement, with both fly ash and general use cement 

averaging at 10 μm in diameter [11, 12], allowing for good particle compaction [18]. From a durability 

standpoint, fly ash reduces the long-term permeability of the concrete, but can increase the rate of 

carbonation [27]. In fresh concrete, fly ash is more cohesive, has a reduced bleeding capacity, and has a 

slight retarding effect on the initial set time compared to a concrete mixture containing cement only [18]. 

The hydration process of fly ash is slow compared to Portland cement, and thus, and extended wet cure 

cycle is usually recommended [9]. This reaction rate increases as the temperature increases [9]. In large 

elements, the heat generated by the cement hydration accelerates the fly ash reaction and the properties of 

the concrete in the early days would differ from that of a smaller section, which results in standard 

cylinders not accurately representing the concrete element in the early days [18].  

2.1.1.3 Silica Fume 

Silica fume is a relatively new SCM, compared to BSF and fly ash. Silica fume is a byproduct of the 

manufacturing of silicon and ferrosilicon alloys and is pozzolanic in nature [18]. The production of silica 

fume is usually consistent in chemical and properties [18]. The particle size of silica fume is extremely 

small, with an average diameter of 0.15 μm [28], even when compared to other SCMs and cement and, 

thus, has high reactivity with the calcium hydroxide produced by the hydration of cement [18]. Silica 

fume has been found to significantly reduce bleeding, and increase the cohesion of the concrete mixture 
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[13, 29]. Due to the denser microstructure, silica fume decreases the permeability of the concrete, [29, 

30], which results in an increase to the electrical resistance [31, 32], as well as a decreased chloride 

diffusion rate [14–16]. Due to its fineness, silica fume reacts quickly, and thus improves the early 

compressive strength of concrete containing silica fume [13]. This increased reactivity also increases the 

heat of hydration [13], and requires additional moist curing otherwise drying shrinkage is a possibility 

[18].  

2.1.2 Chemical Admixtures 

The use of chemical admixtures has been common in modern concrete. These admixtures can be natural 

or manufactured and can change the properties of both fresh and hardened concrete. Two common 

admixtures are superplasticizers, also known as high range water reducing agents, which are used to 

increase the workability of the fresh concrete without increasing the amount of water in the mixture, and 

set retarders, which delay the initial set of the fresh concrete to allow for more time during transport and 

placement. The next sections will discuss how these admixtures can affect the fresh and hardened 

concrete.  

2.1.2.1 Superplasticizers 

ASTM C494 - Standard Specification for Chemical Admixtures for Concrete discusses: retarding, 

water-reducing, and accelerating admixtures, and the combinations of these [33]. Superplasticizers are 

classified as water-reducing admixtures and are high range water-reducing agents. Modern 

superplasticizers are water-soluble organic polymers, typically lignosulphates or polycarboxylates, which 

are manufactured using a complex polymerization process. There are many parameters of the polymer 

which can be changed to affect how the superplasticizer effects the concrete performance, such as 

molecular mass, length of polymers, amount of cross-linking, and the molecular base [18]. The purpose of 

a superplasticizer is to increase the workability of fresh concrete and does so by inducing the cement 

particles with a negative charge, resulting in the cement particles repelling each other as well as water 

molecules [34]. With the use of a superplasticizer, a concrete mixture with a slump of 75 mm can become 

200 mm when the superplasticizer is added [35]. A more typical use of superplasticizer is to produce a 

high strength concrete, by reducing the w/cm ratio, while keeping normal workability. No long-term 

effects of superplasticizers on the concrete compressive strength have been observed [18]. 
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2.1.2.2 Retarders 

Retarding admixtures slow the hydration reaction of concrete, to allow for more time to transport, and 

place the concrete. Retarding admixtures are popular in ready-mix concrete facilities to ensure that the 

concrete reaches the construction site in an acceptable condition, or in high-temperature scenarios, as 

increased ambient temperatures increases the reaction rate of concrete. The use of retarders in concrete 

mixtures tend to increase the plastic shrinkage, but drying shrinkage is not affected [18, 36]. This is due to 

the increased duration of the plastic stage of the concrete. Retarders have shown to have no effect on the 

compressive strength of the concrete [37]. 

2.1.3 High Early Strength Cement 

High early (HE) strength cement is commonly used in precast concrete manufacturing to facilitate a fast 

turnaround on their products. High early strength cement usually has a higher C3S content, and a more 

finely ground cement clinker than regular general use (GU) cement, both of which increase the reaction 

rate, and early strength gain. Due to the increased rate of hydration, the internal concrete temperature 

caused by hydration is also increased, compared to GU mixture, and as such, the temperature gradients of 

large elements can be difficult to control. 

2.2 Factors Effecting Concrete Compressive Strength 

Many studies have been conducted to determine the parameters that affect the compressive strength of 

concrete cores and cylinders. Some of the parameters investigated are discussed in this section. 

2.2.1 Conditioning of Samples 

The conditioning of the concrete cylinder or core refers to how the sample is stored after the core is 

extracted and before testing. This does not refer to the curing of a large concrete element. ASTM C42M 

[2] states that moisture conditioning involves wiping water from drilling of the core and allow the surface 

moisture to evaporate. After surface drying, but not later than 1 hour after drilling, the cores are to be 

sealed in individual containers or plastic bags until testing. A 2-hour window is permitted for wet sawing 

or end grinding, no later than 2 days after coring, after which the core must surface dry before being 

placed back in a sealed container. This process must be competed at least 5 days before testing to reduce 

any moisture gradients present in the sample [2]. This method of conditioning seals in the moisture with 

the sample until the testing day. If there is not enough water sealed inside, hydration cannot be fully 

completed. For concrete mixtures with w/cm ratios above 0.5, the amount of water present is adequate for 

hydration [38]. However, many modern concrete mixtures utilize w/cm ratios less than 0.5 and additional 
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water may be required for curing. The effects of inadequate curing are more pronounced on concrete 

mixtures which have a lower rate of strength development, such as those containing fly ash or BFS [39]. 

ACI 214.4R-10 [3] describes the effects of three conditioning methods on the results of the 

compressive strength test: air-dried, soaked, and standardized moisture conditioning. Air-dried samples, 

which are samples left out in open air at 16-21°C at an RH less than 60% for 7 days, have been found to 

have an on average 10-14% higher strength than the other conditioning types due to the drying shrinkage 

on the surface of the sample which induces a biaxial compression on the core of the sample, thus 

increasing the samples compressive strength [3]. Soaking the sample saturates the internal pores of the 

concrete which, when subject to an external load, is limited in migration due to the smallness of the 

capillary pore sizes. This would then cause pressure on the pore walls which would magnify any crack 

propagation and reduce the maximum external load the sample could carry [40]. Standardized treatment 

refers to the method specified above by ASTM C42M [2].  

2.2.2 Location of Extracted Core 

The location of the extracted core refers to where the core is drilled from a concrete element. This 

location is described by the height and length along the element as well as the depth within the element 

from which a core is extracted. The height of the specimen has been known for many years to affect the 

strength of the concrete, due to bleed water rising to the top of the specimen when the concrete is still 

fresh, resulting in a local area with a higher w/cm ratio and thus a lower strength [3, 41]. This effect can 

be seen in a height difference as little as 30-80 cm [41–43]. However, high-strength concrete may not 

follow this trend as the amount of bleed water diminishes with low w/cm ratios and this effect may not be 

present [44]. As discussed in Section 2.1, SCMs, such as silica fume [13, 18, 29], blast furnace slag [18], 

and fly ash [18], also reduce the amount of bleed water in the fresh concrete, and are common in high-

strength and high-performance concrete. However, more research is needed in this area to determine if 

SCMs reduce the height effect. 

The length along, and depth within, the specimen may affect the strength of the concrete in the earlier 

days as inner sections of the specimen would generate and retain heat better than outer sections [44]. This 

increased heat in the inner sections of the specimen would increase the reaction rate of the hydrating 

cement, allowing the inner sections to develop strength faster than the outer sections [18]. 

Other than the location within the geometry of the section, extracting a core from a flexural member 

under load cannot be relied upon due to microcracks and other large cracks that are present which reduce 

the compressive strength of the sample [45]. 
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ACI 214.4 [3] and ASTM C42M [2] do not specify any modifications or guidelines on the location to 

extract cores for the use of compressive strength testing. However, ASTM C42M does contain a warning 

which states “concrete at the bottom tend[s] to be stronger than the concrete at the top” and to consider 

this in planning locations for obtaining cores [2].  

2.2.3 Coring Direction of Sample 

The coring direction refers to the direction from which the core is extracted relative to the direction of 

casting. If the core is extracted parallel to the direction of casting, the coring direction is said to be 

vertical, whereas perpendicular cores are said to be horizontal, since concrete is normally cast vertically, 

the vertical and horizontal nomenclature refers to the placement direction of the coring drill.  

The effect of the direction from which the core is extracted from a concrete element on the strength of 

the extracted sample has been debated. The theory follows that as the concrete cures, excess bleed water 

settles under aggregates and creates a plane of weakness, as shown in Figure 2.2 below [41]. When cores 

are extracted horizontally, this plane of weakness aligns with the axis of force during the compressive 

test, and decreases the strength of the sample [41]. However, as discussed previously, modern concrete 

mixtures, incorporating SCMs and lower w/cm ratios, can reduce the amount of bleed water and may 

negate this effect. Multiple studies have found that cores drilled horizontally resulted in lower 

compressive strengths compared to cores drilled vertically [41, 46, 47], while others [48] found there was 

no significant difference. 

 

Figure 2.2: Plane of Weakness Caused by Bleed Water for Cores Extracted Horizontally and 

Vertically [41]. Reprinted with Permission from Elsevier [41] 
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2.2.4 Diameter of Sample 

The diameter of a sample effects the compressive strength of the concrete by general size effects. There 

are two main theories on the size effects on the compressive strength of concrete samples: weakest link 

theory [49, 50] and summation of strength theory [49, 51]. The weakest link theory states that larger 

volume specimens are more likely to contain a defect, which lowers the overall strength of the specimen 

[49]. The summation of strength theory states that the strength of a specimen is the sum of the strengths 

of each individual part of specimen, which implies that the size of the specimen does not affect the 

strength [49, 51]. Bartlett and MacGregor [49] found that any observable size effects are too small and are 

overpowered by the variation in the strengths of the smaller diameter cores, as the smaller diameter cores 

were more variable [47, 52, 53]. Yip and Tam [43] suggested that five 50 mm cores had a similar 

variability in strengths as three 100 mm cores.  

Smaller samples appear to be more susceptible to many factors including moisture, concrete mixture 

properties, coring damage, and testing procedures [54]. The relative strength loss due to soaking 50 mm 

diameter cores for 2 days before testing is more severe than soaking 100 mm diameter cores, due to the 

higher surface area to volume ratio of smaller diameter cores [55]. Another observed effect was that, as 

the core diameter decreases, larger aggregate sizes caused the strength of the core to decrease [52, 53]. 

When the concrete sample is a core, a smaller diameter core magnifies the effect of damage caused by 

coring by increasing the surface area to volume ratio of the core. This damage effect caused by coring 

will be discussed in detail in Chapter 2.3.5. 

2.2.5 Reinforcement Present in Sample 

ACI 214 [3] recommends trimming the core to remove the reinforcement as long as the required l/d ratio 

is maintained, while ASTM C42M [2] recommends not using cores with embedded reinforcement. 

However, if there is no possibility to extract a core that does not contain embedded reinforcement 

perpendicular to coring direction, then testing a sample is allowed under ASTM C42M, with discretion 

from the engineer, as a strength correction factor has not been accepted for cores with embedded 

reinforcement [2].  

Some studies have been conducted on the effects of embedded reinforcement in concrete test 

specimens. Gaynor [56] found that the embedded reinforcement reduced the strength of cylinders by 4 to 

9% for one bar of reinforcement.  Loo et al. [57] conducted a study with 174 cylinders and 24 cores 

including steel reinforcement with diameters ranging from 6-20 mm, and concluded that the effect of steel 

reinforcement on the strength of the cylinders varied greatly with the l/d ratio of the cylinder. The 
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cylinder strengths decreased with the inclusion of steel reinforcement at l/d ratio of 2, and the effect of the 

embedded reinforcement decreases as the l/d ratio decreases to 1.0, at which point there are no significant 

effects on the cylinder strength [57]. Plowman et al. [58] found that the strength loss in the cylinders was 

maximized when the bar was located at the very center of the cylinder.  

2.3 Length-to-Diameter (l/d) Ratio Strength Correction Factors (SCFs) 

Standard practices of cylinder and core testing require the sample to have a length-to-diameter (l/d) ratio 

of 2 [2, 4, 59]. In some instances, achieving this l/d ratio is not possible and samples of lower l/d ratios 

are obtained, in most cases these samples are cores. Due to the method of testing, the platens at the top 

and bottom of the testing frame restrain lateral expansion and provide confinement of the sample [60, 61]. 

At an l/d ratio of 2, this effect is nearly negligible, while with a smaller l/d ratio, this effect is more 

prominent, and thus the strength of a shorter sample will be higher than those of standard length. As such, 

many studies have been conducted to investigate this effect and quantify the amount by which the 

strength is increased at lower l/d ratios. These studies ultimately found a strength correction factor (SCF) 

which is applied to samples with l/d ratios lower than 2 to normalize the strength of the sample to the 

standard size sample [7, 62–67].  

2.3.1 l/d Ratio Strength Correction Factor (SCF) Models 

Various studies have been conducted which generated a model to represent the SCF for different l/d 

ratios. One of the earliest studies to quantify the relationship between the strengths of different l/d ratios 

comes from the Concrete Society in 1976 [64] which proposed the following model: 

𝐹𝑙/𝑑 =
2

1.5 + 𝑑 𝑙⁄
 (2.1) 

Chung, in 1979 [65], proposed the following model based on a semi-rational approach: 

𝐹𝑙/𝑑 =
1

1 + 0.8[1 − 0.5 ∗ (𝑙 𝑑⁄ )]2
 (2.2) 

which included the Poisson’s ratio of concrete near failure to obtain the 0.8. This model was valid for l/d 

ratios of 1 to 2. Chung later revised this model in 1989 [66] to include smaller cores with l/d from 0.4 to 

2: 

𝐹𝑙/𝑑 =
1

1 +
0.8
𝑙 𝑑⁄

[1 − 0.5 ∗ (𝑙 𝑑⁄ )]2
 (2.3) 
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Bartlett and Macgregor, in 1994 [7, 63], aggregated data from multiple sources with concrete containing 

ordinary Portland cement, ranging in compressive strength from 13.5 MPa to 95 MPa  and created a 

model through non-linear weighted regression: 

𝐹𝑙/𝑑 = 1 − [0.117 − 4.3 ∗ 10−4 ∗ 𝑓𝑐] (2 −
𝑙

𝑑
)
2

 (2.4) 

where 𝑓𝑐 is the compressive strength of the unadjusted core with a l/d ratio not equal to 2, in MPa. In 

total, three models created with this form. Equation (2.4) above is for the case where the cores are soaked 

for 48 hours before testing in water. Other cases include standard treatment according to ASTM C42M 

[2], and dried for 7 days. These equations form the basis of  the current standards and codes, including 

ASTM C42M [2], ACI 318 [68], and CSA A23.1 [4]. 

A more recent study conducted by Arioz et al. in 2006 [67] found a logarithmic model fit their data 

best: 

𝐹𝑙/𝑑 = 0.1385 ln(𝑙 𝑑⁄ ) + 0.9069 
(2.5) 

With all the models discussed above, the following table shows the values of the l/d SCF for the 

various l/d ratios. 

Table 2.1: Summary of l/d SCF from Various Models 

Source 
Equation 
Number 

l/d=2.0 l/d=1.75 l/d=1.50 l/d=1.25 l/d=1.0 

Concrete Society [64] (2.1) 1.000 0.966 0.923 0.870 0.800 

Chung 1979 [65] (2.2) 1.000 0.988 0.952 0.899 0.833 

Chung 1989 [66] (2.3)  1.000 0.993 0.968 0.917 0.833 

Bartlett and MacGregor Soaked [7, 63] (2.4)  1.000* 0.993* 0.974* 0.941* 0.896* 

Arioz et al. [67] (2.5)  1.003 0.984 0.963 0.938 0.907 

ASTM C42-18 [2] N/A 1.000 0.980 0.960 0.930 0.870 

* Calculated assuming 𝑓𝑐 = 30 MPa 

The SCF factors of Arioz et al. [67] and Bartlett and MacGregor [7, 63] are similar, and Arioz el al. 

state that the SCF found in their study was found to be very close to those proposed by Bartlett and 

MacGregor. In these two studies, the concrete mixture utilized are similar, with approximately 330 kg/m3 

of Portland cement used, and w/cm ratios of 0.55 and 0.60. Arioz et al. did not include superplasticizer or 

a water reducing admixture in their concrete mixtures, while 3 of 10 specimens utilized in Bartlett and 

MacGregor’s study contained a superplasticizer. However, these concrete mixtures are not common in the 
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high-performance industry nowadays. For example, the concrete mixtures utilized by precast 

manufacturers for bridge girders contain upwards of 450 kg/m3 of high-early strength cement and w/c 

ratios as low as 0.30. The vast difference in the concrete mixtures themselves, as well as the curing 

environment and other factors, could lead to difference results on the l/d SCFs.  Since these studies have 

been conducted, the concrete industry has also moved towards including more supplementary 

cementitious materials (SCMs) to mitigate the environmental impacts of cement [69], which, as discussed 

in Chapter 2.1.1, can change the properties of the concrete significantly. 

These models, particularly the model created by Bartlett and MacGregor [7, 63], considered the method 

of conditioning the sample, the location from which the sample was extracted, the compressive strength 

of the sample, diameter of the core, presence of reinforcement bars in the extracted core, and the damage 

caused by coring. Some of these factors were found not to be statistically relevant for the data set and 

were removed from consideration. However, they may have an effect in other data sets. The following 

section discusses in more detail how each of these parameters may affect the l/d ratio SCF. The final 

model created by Bartlett and MacGregor [7, 63], which was adopted by ACI 214.4R [3], is shown in 

Table 2.2. 

2.3.2 Conditioning of Samples on l/d Ratio SCF 

The effects of conditioning on the compressive strength of a sample are discussed above in Section 2.2.1. 

The effects that the conditioning type have on the l/d ratio have been included in the model created by 

Bartlett and MacGregor [7, 63]. The three conditioning states discussed previously, air-dried, soaked, and 

standardized moisture conditioning, are included in the model and adopted by ACI 214.4R-10 [3, 7, 63]. 

As discussed in Section 2.2.4, smaller samples appear to be more susceptible to the different conditioning 

types [54]. 

2.3.3 Location of Extracted Core on l/d Ratio SCF 

The general effects that location has on the compressive strength of the core were discussed previously in 

Section 2.2.2. Bartlett and MacGregor, in their model for l/d ratio SCFs shown in Table 2.2, had 

considered these effects [63]. The x (length along specimen), y (height along specimen), and z (depth 

within specimen) coordinates for the location of each core were considered, and a modification factor 

based on these locations was applied to each core’s compressive strength before a non-linear weighted 

regression was completed to develop the model above. Bartlett and MacGregor found the y coordinate, 

was significant in almost all of the elements investigated, while the x, and z coordinate respectively, were  
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Table 2.2: Magnitude and Accuracy of Strength Correction Factors for Converting Core Strengths 

Into Equivalent In-Place Strengths [3, 7, 63]. Authorized Reprint from ACI 214.4R-10 [3] 

 

only significantly in roughly half the elements [63]. ACI 214.10 [3], which adopted the model generated 

by Bartlett and MacGregor [63], does not include information about adjusting the strength of the extracted 

cores based on the location, only to extract cores from a random location to limit the location effects on 

the compressive strength. 
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2.3.4 Diameter of Sample on l/d Ratio SCF 

In addition to the effects the diameter of the concrete sample has on the compressive strength, discussed 

previously in Chapter 2.2.4, the diameter of the sample also influences the l/d ratio SCF. Arioz et al. [52] 

and Bartlett and MacGregor [49] found that the l/d effect is greater for smaller diameter cores. At smaller 

diameter, effects such as aggregate size, coring damage, and conditioning type all influence the sample 

more than at larger diameters [54, 70]. Thus, Bartlett and MacGregor found the SCF of about 0.80 should 

be used for a 2 inch diameter core, instead of 0.88 for 4-inch diameter cores, at a l/d ratio of 1. Bartlett 

and MacGregor [7, 49] suggested a SCF for use with different diameter cores, shown above in Table 2.2, 

in conjunction with in the l/d ratio SCF.  

2.3.5 Damage Caused by Coring on l/d Ratio SCF 

The prevailing theory behind how coring effects the strength of a concrete core sample is that coring 

causes damage on the outer region of the core [71]. Coring can cause surface damage such as 

microcracking, which reduces the compressive strength on the outer region of the core [49, 72]. If the 

damaged region is assumed to have a constant thickness, regardless of diameter, the volume proportion of 

the damaged region will increase as the core diameter decreases, resulting in smaller diameter cores 

having a lower compressive strength [49, 72]. Arioz et al. [52] found that as the concrete strength 

increased, the effect of the damage caused by coring decreased. However, Malhotra [73] found the 

opposite, such that higher strength concretes had a lower core compressive strength, which was attributed 

to a higher resistance to drilling resulting in increased microcracks or other damage to the core. Overall, 

ACI 214 [3] includes a factor of 1.03 for damage caused by coring, as seen previously in Table 2.2, based 

on the research conducted by Bartlett and MacGregor [7, 63]. The compressive strengths seen in Bartlett 

and MacGregor varied from 20 MPa to 90 MPa [7, 63]; however, this factor does not include a provision 

about the compressive strength of the cores.  

2.3.6 Reinforcement Present in Sample on l/d Ratio SCF 

As discussed in Chapter 2.2.5, reinforcement present in the concrete sample lowers the compressive 

strength. This effect varies depending on the l/d ratio of sample [57], with the effect decreasing as the l/d 

ratio decreased. The location of the reinforcement within the sample also effects the amount the 

compressive strength is decreased, with the largest decrease occurring when the reinforcement is in the 

center of the sample [57]. There are no studies on how reinforcement within a sample directly effects the 

l/d ratio SCF.  
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2.3.7 Coring Direction on l/d Ratio SCF 

No studies investigating the effect coring direction has directly to the l/d ratio SCF were found; however, 

as discussed above in Chapter 2.2.3, there are studies which show that cores drilled horizontally resulted 

in lower compressive strengths compared to cores drilled vertically [41, 46, 47], while others [48] found 

there was no significant difference. As stated previously, this decrease in strength may have been caused 

by bleed water, and many modern concrete mixtures have reduced amounts of bleed, and thus, this 

decrease may not be seen.  

2.4 Summary of Literature Review 

In summary, the parameters which effect the compressive strength of concrete samples have been studied 

thoroughly in the past. However, modern concrete mixes, which include SCMs and low w/cm ratios can 

have high strengths and can change the material properties of wet and hardened concrete. Changing the 

material properties of the concrete can change the relationships which were discussed in the previous 

sections. There is a lack of research on how these modern concrete mixtures affect the relationships of 

these various parameters. This thesis will discuss some of the parameters, namely the l/d ratio, diameter 

of sample, and conditioning of samples, and how modern concrete mixtures affect each of these 

parameters. 
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Experimental Program 

The following sections discuss the tests conducted on the samples and the structures investigated.  

3.1 Tests Conducted 

The tests conducted on cores and cylinders from the structures described in Section 3.2 during this project 

include: (i) compressive strength test, (ii) air void system, (iii) rapid chloride permeability test, and (iv) 

electrical resistivity measurement. 

3.1.1 Compressive Strength Testing 

All samples, cores and cylinders, were tested in compression following CSA A23.2-9C – Compressive 

Strength of Cylindrical Concrete Specimens [4]. The samples were tested in a hydraulic compression 

testing machine, as shown below in Figure 3.1, using the loading rates specified in CSA A23.2-9C: 0.15 

MPa/s to 0.35 MPa/s. The samples were end-ground (Figure 3.2) to provide flat, parallel surfaces, the 

diameter was measured with a digital caliper twice at mid-height, and the length was measured twice end-

to-end. Peak loads of each sample were recorded, as well as the failure type. Descriptions of the cores and 

cylinders were also recorded before testing, noting any voids, large pores, or locations of poor 

consolidation, and photographs were taken before and after testing. These precautions were taken in the 

event an unexpected result occurs, in order to determine the cause of the abnormality. Compressive 

strength testing was completed at the University of Waterloo (UW) laboratory. 

  

Figure 3.1: Compressive Strength Testing Machine 
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Figure 3.2: End-Grinding of Cores 

3.1.2 Air Void Systems 

The air void parameters (size and spacing of the voids) of the hardened concrete were determined by an 

MTO testing laboratory following the procedure outlined in LS-432 [74] and ASTM C457 [75]. This test 

was conducted by the MTO. Figure 3.3 below shows a sample after the test had been completed, and the 

sample returned to the UW lab. The results of this test are not included in this thesis, but are included 

elsewhere [1]. 

 

Figure 3.3: Air Void System Sample After Analysis 
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3.1.3 Rapid Chloride Permeability 

The concrete’s ability to resist chloride ion penetration was determined using the rapid chloride 

permeability (RCP) test outlined in LS-433 [76] and ASTM 1202 [77]. The test was conducted between 

day 28 and day 32 after casting.  

The procedure of this test involved cutting two 50 mm thick samples from the core or cylinder. These 

test samples were then air dried for 1 hour, the outer edge sealed, then the samples were placed in a 

vacuum desiccator for 3 hours. De-aerated water was then used to saturate the sample while still under 

vacuum for an additional hour. The vacuum was then turned off and the sample soaked for 18 ± 2 hours. 

After these preparations were complete, the test samples were placed into the testing cell, shown in Figure 

3.4. A NaCl solution was placed on one side of the sample, and a NaOH solution was placed on the other 

side. A 60 V potential difference was applied between the solutions, i.e. across the sample and the 

resulting current through the sample was monitored every 30 minutes, for 6 hours. If the temperature of 

the test sample exceeded 90°C, the test was terminated. The charge passed was calculated by using 

numerical integration, specifically trapezoidal rule, on the current-time data. The results of this test are 

not included in this thesis, but are included elsewhere [1]. 

 

Figure 3.4: RCP Test Apparatus 

3.1.4 Electrical Resistivity Measurements 

An alternative to the RCP testing procedure is a bulk electrical resistivity measurement of the concrete. 

There currently is no standard test procedure to follow. The sample was measured as stated above for 
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compressive strength testing and was then submerged in water for five minutes before testing. The test 

apparatus, shown in Figure 3.5, consists of electrodes placed on either end of the sample, with a saturated 

sponge placed between the contacts and the concrete sample. The contacts measure the electrical 

resistance between the electrodes using a two-point uniaxial method (bulk resistivity). 

 

Figure 3.5: Electrical Bulk Resistivity Measurement 

The resistivity, 𝜌, is calculated using a relationship between the measured resistance, 𝑅, and a geometry 

factor, 𝑘, which depends on the area, 𝐴, and length, 𝐿, of the sample being tested.  

𝜌 = 𝑅 × 𝑘 

𝑘 =
𝐴

𝐿
 

(3.1) 

The conductivity of the sample, which is the inverse of the resistivity measurement, has been found to 

have a linear relationship with charge measured in the RCP test, as shown in Equation (3.2) [78]: 

𝑄 = 𝐼 ∗ 𝑡 =
𝑉

𝑅
∗ 𝑡 =

𝑉

𝐿
𝐴 𝜌

∗ 𝑡 = (
𝑉 ∗ 𝐴 ∗ 𝑡

𝐿
) ∗

1

𝜌
 (3.2) 

where 𝑄 is the charge passed, 𝐼 is the current passed, 𝑡 is the time of the RCP test (6 hours), 𝑉 is the 

voltage applied during the RCP test (60 V), 𝐿 is the length of the RCP test sample (50 mm), 𝐴 is the 

exposed area of the RCP test sample (100 mm diameter), and 𝜌 is the electrical resistivity determined 

from this test.. As all the values in this equation except for 𝜌 and 𝑄 are constant, the result of the RCP 

test, charge passed 𝑄, and the electrical conductivity 1 𝜌⁄  are linearly related [78]. The results of this test 

and the comparison to the RCP test are not included in this thesis, but are included elsewhere [1]. 
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3.2 Structures Tested 

The structural details, coring procedure and layout, concrete mixture, and curing regime are described 

below for each of the eight structures tested. 

3.2.1 Beams B1 and B2 

3.2.1.1 Structural Details 

The first two sets of structures cast, cored, and tested were beams with a rectangular cross-section of 600 

mm x 650 mm and a length of 2100 mm. Figure 3.6 shows the reinforcement details and dimensions of 

the beams. In total eight beams were cast: four from each set. The purpose of these beams was to simulate 

a large pier cap or abutment. Minimal steel reinforcement was placed to facilitate lifting and maneuvering 

the beams. A thermocouple was placed in the center of one beam from each set, to monitor the 

temperature throughout the testing period. The formwork was constructed of wood, and the same 

formwork was used for both sets of beams (Figure 3.7). 

 

Figure 3.6: Structural Details for B1 and B2 

3.2.1.2 Coring Procedure and Layout 

Cores were drilled using a water-cooled diamond-tipped drill to a depth of 250 mm and broken out using 

a hammer and chisel. The samples were cut to a length of 200 mm to obtain a 2:1 length-to-diameter (l/d) 

ratio. Cores were extracted vertically from the top surface of the beam, and horizontally at mid-height of 

the beam, as shown in the cross section in Figure 3.6 above. In total, 4 beams were created for each cast 

and up to 32 cores were extracted from each beam, 16 vertically and 16 horizontally (Figure 3.8). The 

beams themselves were rotated instead of the coring drill for ease of coring.  

Cores were extracted on days 3, 7, 14, and 28, and tested on days 3, 7, 28, and 56. On days 3 and 7, half 

the cored samples were tested after coring, and the other half were conditioned for testing on day 28. 
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Figure 3.7: Picture of Fresh Concrete in Wooden Formwork for Beams B1 

 

Figure 3.8: Top View Coring Outline for Beams B1 and B2 

Conditioning consisted of either immersing the core in a calcium hydroxide solution or sealing the core in 

plastic in a dry state. On day 14, cores were extracted and conditioned until they were tested on day 28. 

Three of the cores extracted at day 28 were tested on the same day of coring, while the remaining cores 

drilled on day 28 were conditioned for testing on day 56. A summary of the core samples can be found in 

Table 3.1.  

3.2.1.3 Core Sample Naming 

The extracted cores were given an identification label depending on many parameters. The parameters 

which were recorded include: day cored, day tested, orientation of core (vertical or horizontal), side of 

beam extracted from (left or right with respect to the end of beam), and location along length of beam. 

The results of these cores are discussed in terms of an average of multiple cores and the exact location 
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Table 3.1: Core Sample Summary for Beams B1 and B2 

Coring Date Location Test Test Date Conditioning Quantity 

Day 3/7/281 Horizontal Compression Day Cored N/A 3 

Day 3/7/281 Vertical Compression Day Cored N/A 3 

Day 3/72 Horizontal Compression Day 28 Dry 3 

Day 3/72 Vertical Compression Day 28 Dry 3 

Day 3/72 Horizontal Compression Day 28 Saturated 3 

Day 3/72 Vertical Compression Day 28 Saturated 3 

Day 3/72 Vertical RCP Day 28 Dry 1 

Day 3/72 Vertical RCP Day 28 Saturated 1 

Day 3/72 Horizontal RCP Day 28 Dry 1 

Day 3/72 Horizontal RCP Day 28 Saturated 1 

Day 3/72 Vertical Air Void Day 28 Saturated 1 

Day 3/72 Horizontal Air Void Day 28 Saturated 1 

Day 14 Horizontal Compression Day 28 Dry 3 

Day 14 Vertical Compression Day 28 Dry 3 

Day 14 Horizontal Compression Day 28 Saturated 3 

Day 14 Vertical Compression Day 28 Saturated 3 

Day 14 Vertical RCP Day 28 Dry 1 

Day 14 Vertical RCP Day 28 Saturated 1 

Day 14 Horizontal RCP Day 28 Dry 1 

Day 14 Horizontal RCP Day 28 Saturated 1 

Day 14 Vertical Air Void Day 28 Saturated 1 

Day 14 Horizontal Air Void Day 28 Saturated 1 

Day 28 Horizontal Compression Day 56 Dry 3 

Day 28 Vertical Compression Day 56 Dry 3 

Day 28 Horizontal Compression Day 56 Saturated 3 

Day 28 Vertical Compression Day 56 Saturated 3 
1These cores were extracted on days 3, 7, and 28, and all were tested on same day they were cored 
2These cores were extracted on days 3 and 7, and all were tested on day 28 

information is not included in the label (i.e. the side of beam and location along length of beam). Samples 

tested on the same day as they were cored were given the conditioning state of “Dry”. Below are some 

examples of core and cylinder labeling: 
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Table 3.2: Core Sample Labelling Examples for Sets of Cores for Beams B1 and B2 

Structure Conditioning Orientation Day Cored Day Tested Label 

B1 Saturated Vertical 3 28 B1-S-V-3-28 

B2 Dry Horizontal 3 3 B2-D-H-3-3 

Table 3.3: Cylinder Sample Labelling Examples for Beams B1 and B2 

Structure Conditioning Day Tested Label 

B1 Saturated 28 B1-S-28 

B2 Dry 3 B2-D-3 

 

In some cases, parameters will be ignored. In those cases, the label will simply omit that parameter. For 

example, if a set of saturated cores from B1, cored on day 3 is discussed, regardless of the orientation of 

coring, the label would be “B1-S-3-28”.  

3.2.1.4 Concrete Mixture 

The concrete mixture used for the B1 set of beams is a standard 30 MPa mixture used on MTO projects. 

The mixture contains general-use (GU) cement blended with blast furnace slag (BFS), and a 19 mm 

maximum aggregate size. The total cementitious content was 354 kg/m3, with 9% being BFS. The water 

to cementitious materials ratio (w/cm) was 0.41. The slump at the time of casting was 90 mm, and the 

plastic air content was 4.8%. The detailed concrete mixture design can be found in Appendix A - 

Concrete Mixtures. 

The concrete mixture used for the B2 set of beams is a High-Performance Concrete (HPC) that is a 

standard 50 MPa mixture used on MTO projects. The mixture contains general-use cement blended with 

silica fume (GUb-SF), and a 19 mm maximum aggregate size. The detailed mixture specifications were 

not provided by the concrete supplier, but the water to w/cm ratio was 0.35, the slump at the time of 

casting was 200 mm, and the plastic air content 6.0%.  

3.2.1.5 Curing Regime 

The curing regime for both structures was the same. The beams were covered in saturated burlap and 

plastic for 3 days after casting. On day 3, the beams were stripped from their formwork and cored to 

extract the day 3 samples. Afterwards, expansion plugs were placed into the core holes to limit moisture 

lost after the core was removed from the beam, as shown below in Figure 3.9. The beams were held in the 

UW laboratory at room temperature, without any cover, between coring days.  
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Figure 3.9: Photo of Expansion Plug Used to Seal Core Holes After Core was Removed 

Cylinders were left to cure beside the beams until day 3, when they were removed from their moulds 

and placed in their respective conditioning state: moist cured in a moisture room or saturated in calcium 

hydroxide. 

3.2.2 Girder Web G1 

3.2.2.1 Structural Details 

The third structure cast, cored, and tested in the UW lab was a wall with thickness 180 mm, width of 1715 

mm, and height of 1615 mm (Figure 3.10). In total four walls were cast. One wall had thermocouples 

placed to monitor the temperature throughout the testing period, as shown in Figure 3.10. The purpose of 

this wall was to represent a precast girder web. The sections were reinforced with 10M bars in a grid with 

adequate spacing to extract cores, while simulating the dense reinforcement present in a precast girder 

web. Lifting anchors were placed in the top and on the face (not shown in Figure 3.10). Similar to the 

beams B1 and B2, these wall sections were cast in wooden formwork. 

3.2.2.2 Coring Procedure and Layout 

Cores were drilled through the wall, at a length of 180 mm, in two diameters: 100 mm and 75 mm. To 

facilitate coring, the walls were placed flat onto plywood and cores were drilled through the wall. The 

plywood assisted in preventing pop out of the cores. The cores were then cut to a length of 150 mm. This 
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length allowed the 75 mm diameter cores to have a l/d ratio of 2, while the 100 mm cores had a l/d ratio 

of 1.5. In total, 4 walls were cast; each coring day utilized one wall, to eliminate variable moisture lost  

 

 

Figure 3.10: Structural Details for G1 

and conditions between coring days. Coring was conducted on days 3, 7, and 28. The fourth wall was 

used as a control and contained thermocouples to measure the temperature of the concrete throughout the 

process. 

The approximate coring layout is shown in Figure 3.10. In total, each wall provided 40 cores: 20 with a 

75 mm diameter and 20 with a 100 mm diameter, half of which were from the top section of the girder 

web, and half from the bottom. The different core diameters were staggered in the coring layout to ensure 

that any effects caused by the location along the length and height of the wall would not be concentrated 

on one set of samples. The exact location of each core can be found in Appendix D - Raw Data. 

Testing was conducted on days 3, 7, 28, and 56. Cores extracted on days 3 and 7 were tested on the day 

of coring and on day 28. On day 28, conditioned cores from days 3 and 7 were tested, and cores were 

extracted for testing at days 28 and 56. Cores that were tested on days other than their respective coring 

date were conditioned in a calcium hydroxide solution. Cores with 100 mm diameter were extracted from 

the top and bottom of the girder web section on days 3 and 7 for RCP testing, as well as on day 3 for air 
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void testing. The diamond tipped water-cooled coring drill was attached to the wall using cast-in-place 

anchors (not shown in Figure 3.10). 

3.2.2.3 Core Sample Naming 

The core labelling for the G1 structures is similar to that of beams B1 and B2. However, the location (top 

or bottom), and diameter of core (75 mm or 100 mm) was included in the label. Samples tested on the 

same day as they were cored were given the conditioning state of “Dry”. In this test, there was only one 

conditioning type: Saturated. Examples are as follows: 

Table 3.4: Core Sample Labelling Examples for Sets of Cores for Girder Web G1 

Structure Conditioning Location 
Core 
Diameter 

l/d 
Ratio 

Day 
Cored 

Day 
Tested 

Label 

G1 Saturated Top 75 mm 2 3 28 G1-S-T75-2-3-28 

G1 Dry Bottom 100 mm 1.5 3 3 G1-D-B100-1.5-3-3 

Table 3.5: Cylinder Sample Labelling Examples for Girder Web G1 

Structure Conditioning Day Tested Label 

G1 Saturated 28 G1-S-28 

G1 Dry 3 G1-D-3 

 

3.2.2.4 Concrete Mixture 

The concrete mixture used for the G1 wall sections was modified from the G2 girder web, which was 

constructed at a precast manufacturer and is discussed below. The mixture contained 80% GU cement and 

20% BFS for a total cementitious content of 600 kg/m3, a w/cm ratio of 0.27, and had a maximum 

aggregate size of 14 mm. At the time of casting, the slump was 210 mm and the air content was 4.2%. 

The detailed concrete mixture can be found in Appendix A - Concrete Mixtures. 

3.2.2.5 Curing Regime 

The curing process for these wall sections was the same as the beams B1 and B2: the samples were 

covered in soaked burlap and plastic for 3 days, the formwork was stripped on day 3, and the structures 

were held in the UW lab at room temperature until their respective coring day. The cylinders were held 

with the structures until day 3 when they were demoulded and placed in a calcium hydroxide solution 

until testing.  
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3.2.3 Manhole Risers MH 

3.2.3.1 Structural Details 

The first structures cast, cored, and tested from a precast manufacturer were manhole risers, which are 

boxes with varying dimensions, but all with a wall thickness of 250 mm. The sections were reinforced 

with 10M bars in a grid on both the inner and outer face. The reinforcement was placed with a 25 mm 

cover, which allowed it to be cut out if present in the core. Lifting anchors were placed in the sides of the 

structures. Metal formwork was used for these structures. In total, seven structures were cored, all with 

different dimensions. An example of a 3000 mm x 2400 mm section, which correlates to the approximate 

interior dimensions, is shown in Figure 3.11. The dimensions of each structure cored is discussed in the 

next section. 

 

Figure 3.11: Example of a Manhole Riser (MH) Section with Dimensions of 3000 mm x 2400 mm 

3.2.3.2 Coring Procedure and Layout 

In total, seven sets of cores were extracted from seven separate manhole riser structures. Cores were 

drilled through the wall of the riser, at a length of 250 mm, at a diameter of 94 mm. The cores were then 

cut to a length to ensure a length-to-diameter ratio of 2. Coring was conducted on various days, 

determined by the precast manufacturer. The location from which the core was extracted was not 

recorded. All sets of cores had three replicates, except the MH1 set, which had ten replicates. Three 

standard cylinders corresponded to each set of cores, except for the MH1 set, which had six. Table 3.6 

below outlines the structures from which the samples were cored and important dates, including the date 

of casting, date of coring, date received by the UW laboratory, and the date tested. 
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Table 3.6: Structure from Which Samples were Cored and Dates 

 Sample 
Set 

Structure 
Dimensions (mm) 

Date Cast Date Cored Date Received Date Tested 

MH1 2400 x 1800 Oct 13, 2017 
Oct 27, 2017 

(Day 14) 

Nov 2, 2017 

(Day 20) 

Nov 10, 2017 

(Day 28) 

MH2 2400 x 1800 Oct 30, 2017 
Nov 3, 2017 

(Day 4) 

Nov 7, 2017 

(Day 8) 

Nov 27, 2017 

(Day 28) 

MH3 3000 x 2400 Oct 31, 2017 
Nov 3, 2017 

(Day 3) 

Nov 7, 2017 

(Day 7) 

Nov 28, 2017 

(Day 28) 

MH4 2400 x 1800 Nov 9, 2017 
Nov 30, 2017 

(Day 21) 

Dec 6, 2017 

(Day 27) 

Dec 7, 2017 

(Day 28) 

MH5 3000 x 2400 Nov 10, 2017 
Nov 30, 2017 

(Day 20) 

Dec 6, 2017 

(Day 26) 

Dec 8, 2017 

(Day 28) 

MH6 3000 x 1800 Nov 24, 2017 
Nov 30, 2017 

(Day 6) 

Dec 6, 2017 

(Day 12) 

Dec 22, 2017 

(Day 28) 

MH7 3000 x 1800 Nov 27, 2017 
Nov 30, 2017 

(Day 3) 

Dec 6, 2017 

(Day 9) 

Dec 22, 2017 

(Day 25) 

 

All the sample sets were tested on their respective day 28, except for sample set MH7. The day 28 testing 

day for MH7 corresponded with Christmas Day and the UW lab is closed over the winter holidays. As 

such, the MH7 sample set was tested on its day 25.  

3.2.3.3 Core Sample Naming 

The core labelling for the MH structures is similar to that of the previous structures. In this test, there was 

only one conditioning type: Dry. Examples are as follows: 

Table 3.7: Core Sample Labelling Examples for Sets of Cores for Manhole Risers MH 

Structure Conditioning Day Cored Day Tested Label 

MH1 Dry 14 28 MH1-D-14-28 

MH5 Dry 20 28 MH5-D-20-28 
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Table 3.8: Cylinder Sample Labelling Examples for Manhole Risers MH 

Structure Conditioning Day Tested Label 

MH1 Dry 28 MH1-D-28 

MH5 Dry 28 MH5-D-28 

3.2.3.4 Concrete Mixture 

The concrete mixture used for the MH structures was a dry cast mix with a very low w/cm ratio. The 

mixtures used for each of the structures was based on the same mix design, but material amounts slightly 

varied between casts. The mixtures contained 66% GU cement and 33% BFS for a total cementitious 

content of 325-345 kg/m3, a w/cm ratio of 0.20-0.24, and had a maximum aggregate size of 13 mm. The 

detailed concrete mixtures can be found in Appendix A - Concrete Mixtures. Note that the mix volume 

for each mix was 1.35 m3, and the design strength, 𝑓𝑐
′, is 40 MPa. 

3.2.3.5 Curing Regime 

All structures underwent the same curing regime. Following the cast, the manhole risers were steam cured 

for 6 hours and then placed in outdoor storage. Cylinders were held with the risers during curing and were 

demoulded after steam curing and placed outside alongside the riser. Both cylinders and cores were left 

outdoors until they were collected and brought to the UW lab and stored at room temperature and 

humidity until testing.  

The only sample sets to differ from this schedule were samples MH4-MH7. These sample sets were all 

cored on November 30th and were brought inside for storage on December 4th until they were collected on 

December 6th. The reminder of the regime was kept the same. 

3.2.4 Girder Web G2 

3.2.4.1 Structural Details 

The second structure cast, cored, and tested in a precast manufacturer’s facility was a wall with a 

thickness of 160 mm, width of 2400 mm, and height of 1300 mm (Figure 3.12).  The wall was to 

represent a precast girder web. Coring was completed by supporting the walls flat on wooden blocks and 

cores were drilled through the wall. The wall contained minimum reinforcement using 15M bars at 300 

mm on center to create a grid. Thermocouples were placed, as shown in Figure 3.12, to monitor the 

temperature throughout the testing period. Lifting anchors were fitted at the top of the section and in the 

front face. The formwork used to construct this section was steel (Figure 3.13). 
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Figure 3.12: Girder Web G2 Dimensions 

3.2.4.2 Coring Procedure and Layout 

Coring of the sample was conducted on days 3 and 28. On day 3, 22 cores were drilled and on day 28, 9 

cores were drilled. Table 3.9 summarizes the number of cores taken each day and the purpose of each 

core. Please note, cores for compression testing were 75 mm in diameter to allow for an l/d ratio of 2, 

while those used for air void analysis and RCP testing were 100 mm in diameter. 

See Figure 3.14 for the approximate location from which the cores were drilled. The exact location of 

each core can be seen in Appendix D - Raw Data. In addition to the core samples, 12 cylinders were cast 

for compression testing on days 1, 3, 7, and 28. 
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Figure 3.13: G2 Formwork and Fresh Concrete in Form 

Table 3.9: Core Sample Summary for Girder Web G2 

Coring Date Location Test Test Date Quantity 

Day 3 Top Compression Day 3 3 

Day 3 Top Compression Day 28 3 

Day 3 Top Air Void Other 1 

Day 3 Top RCP Day 28 1 

Day 3 Middle Compression Day 3 3 

Day 3 Middle Compression Day 28 3 

Day 3 Bottom Compression Day 3 3 

Day 3 Bottom Compression Day 28 3 

Day 3 Bottom Air Void Other 1 

Day 3 Bottom RCP Day 28 1 

Day 28 Top Compression Day 28 3 

Day 28 Middle Compression Day 28 3 

Day 28 Bottom Compression Day 28 3 
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Figure 3.14: Coring Location Layout 

Cores numbered 5 and 9, from both the top and bottom, were drilled with a 100 mm diameter coring 

barrel. The red cores were drilled on day 3 and the blue cores were drilled on day 28. Only 3 of the 4 blue 

cores from each of the top, middle, and bottom levels were required on day 28 and the additional core was 

meant as an extra in the event of issues during coring. Since there were no issues encountered, the 

additional cores were not taken.  

The wall section was placed flat, supported by wooden blocks, and cored vertically, through the width 

of the wall section using a diamond tipped, water-cooled, vacuum seal coring drill. The wall section was 

elevated approximately 16” off the ground during day 3 coring and most cores fell from the wall section 

onto the granulated ground below. On day 28 coring, the wall section was elevated approximately 8” 

above the ground and once again, the cores fell onto the ground before collection. There were no apparent 

signs of damage on the cores, internally or externally, caused by this fall. Core holes were not plugged or 

grouted following day 3 coring and were left exposed to the elements. This exposure to a winter 

environment included variable temperatures, above and below 0°C, and variable moisture, which could 

have affected the test results of the core samples taken on day 28 near the previously cored locations. The 

temperature experienced by the structure is discussed in Section 4.3.9 Core Results: Temperature Effects. 

3.2.4.3 Core Sample Naming 

The core labelling for the Girder Web G2 is similar to that of the Girder Web G1. The notable 

differences include the lack of a diameter parameter, as all cores tested in compression had the same 

diameter, and the extra location parameter: middle of web. Samples tested on the same day as they were 
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cored were given the conditioning state of “Dry”. In this test, there was only one conditioning type: 

saturated. Examples are as follows: 

Table 3.10: Core Sample Labelling Examples for Sets of Cores for Girder Web G2 

Structure Conditioning Location 
Day 

Cored 
Day 

Tested 
Label 

G2 Saturated Top 3 28 G2-S-75-3-28 

G2 Dry Bottom 3 3 G2-D-B-3-3 

Table 3.11: Cylinder Sample Labelling Examples for Girder Web G2 

Structure Conditioning Day Tested Label 

G2 Saturated 28 G2-S-28 

G2 Dry 3 G2-D-3 

 

3.2.4.4 Concrete Mixture 

The concrete mixture used for the G2 girders was based on a typically used prestressed, precast girder 

mixture design. The mixture contained a total of 627 kg of cementitious materials, with 75% being Type 

30 cement (HE), and 25% BFS, with a 13 mm maximum aggregate size. The w/cm ratio was 0.32, and at 

the time of casting, the concrete had a slump of 225 mm and a plastic air content of 6.2%. 

3.2.4.5 Curing Regime 

The exposed top surface of the wall was covered with presoaked burlap and two layers of polymeric 

tarpaulin following the cast. The wall was demoulded after approximately 18 hours and placed in a steam 

curing kiln 2 hours after demoulding. The wall was removed 72 hours after the concrete was cast from the 

kiln for coring of day 3 samples and returned to the kiln until day 7. After the wall had completed 7 days 

of curing, it was removed from the kiln and placed outside until day 28 coring. This structure was cast in 

winter, and thus the outdoor temperature was below 0°C at times.  

Cylinders were held with the structure during the curing process until day 3, at which point the 

cylinders were brought to the UW lab, demoulded, and placed in a calcium hydroxide solution until 

testing day. 
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3.2.5 Girder Section G3 

3.2.5.1 Structural Details 

The girder section had a 3000 mm length of a standard NU 2000 section, as shown in Figure 3.15. The 

section contained only two vertical rebar stirrups, offset slightly from either ends of the section, which 

extended out of the formwork for the purpose of lifting and moving the section. This structure was cast, 

and cored in a manufacturer’s facility, and testing was completed by both the manufacturer on site, and at 

an MTO approved testing facility. Steel formwork was used for the construction of this section. 

 

Figure 3.15: Standard NU 2000 Girder Section Used for Girder Section G3 

3.2.5.2 Coring Procedure and Layout 

Cores were drilled with a diameter of 94 mm and a varying length depending on the location of the core. 

Cores were extracted horizontally from the top, middle, and bottom of the web, and vertically through the 

bottom flange and into the center of the top flange (Figure 3.16). The lengths of the cores were 160 mm 
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through the web, 200 mm through the bottom flange, and varied between 150 mm and 180 mm through 

the top flange. Therefore, l/d ratios varied from 1.5 to 2.3. Coring was conducted with post-installed 

anchors to attach a water-cooled diamond tipped coring drill. 

     

Figure 3.16: Left: Photo of Core Locations of G3. Right: Photo of Top of Section Showing Top 

Flange Cores 

On day 3, the middle of the web, bottom flange, and top flange were cored. The cores extracted from 

the middle height of the web were tested on days 3 and 28 while the cores extracted from the top and 

bottom flange were tested on days 3, 7, and 28. On day 28, the top, middle, and bottom of the web, 

bottom flange, and top flange were all cored and tested on the same day. Cores tested on days other than 

the day of coring were moist cured which entailed conditioning the sample in a moisture room. A 

summary of core samples extracted is given in Table 3.12. The core holes were not sealed between coring 

days. The approximate height from the bottom of the section of the cores extracted from the bottom, 

middle, and top of the web is 600 mm, 1100 mm, and 1600 mm respectively. Cylinders were tested on 

days 1, 3, 7, 28, and 56.  

Bottom Flange 

Bottom Web 

Middle Web 

Top Web 

Top Flange 
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Table 3.12: Core Sample Summary for Girder Section G3 

Coring Date Location Test Test Date Quantity 

Day 3 Top Flange Compression Day 3 3 

Day 3 Middle Web Compression Day 3 3 

Day 3 Bottom Flange Compression Day 3 3 

Day 3 Top Flange Compression Day 7 3 

Day 3 Bottom Flange Compression Day 7 3 

Day 3 Top Flange Compression Day 28 3 

Day 3 Top Flange Air Void Other 1 

Day 3 Top Flange RCP Day 28 1 

Day 3 Middle Web Compression Day 28 3 

Day 3 Bottom Flange Compression Day 28 3 

Day 3 Bottom Flange Air Void Other 1 

Day 3 Bottom Flange RCP Day 28 1 

Day 28 Top Flange Compression Day 28 3 

Day 28 Top Web Compression Day 28 6 

Day 28 Middle Web Compression Day 28 6 

Day 28 Bottom Web Compression Day 28 6 

Day 28 Bottom Flange Compression Day 28 3 

 

3.2.5.3 Core Sample Naming 

The core labelling for the Girder Section G3 is similar to that of the Girder Webs G1 and G2. The 

notable differences include a lack of differing diameters, as all cores tested in compression had the same 

diameter, the extra location parameters: middle of web, top flange, and bottom flange, and the moist 

conditioning type in place of the saturated conditioning type. Samples tested on the same day as they were 

cored were given the conditioning state of “Dry”. In this test, there was only one conditioning type: 

Moist. Examples are as follows: 

Table 3.13: Core Sample Labelling Examples for Sets of Cores for Girder Section G3 

Structure Conditioning Location 
Day 

Cored 
Day 

Tested 
Label 

G3 Dry Top Web 28 28 G3-D-T-28-28 

G2 Moist Bottom Flange 3 28 G3-M-BF-3-28 
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Table 3.14: Cylinder Sample Labelling Examples for Girder Section G3 

Structure Conditioning Day Tested Label 

G3 Moist 28 G3-M-28 

G3 Dry 3 G3-D-3 

 

3.2.5.4 Concrete Mixture 

The concrete mixture used for this girder section is a standard 55 MPa prestressed, precast girder mixture 

used in MTO projects. The mixture contains GUb-SF, and 20% fly ash for a total cementitious content of 

475 kg/m3, and utilized a maximum aggregate size of 14 mm. The w/cm ratio was 0.29, the slump was 

220 mm, and the air content of the fresh concrete was 6.0%. The detailed concrete mixture design can be 

found in Appendix A - Concrete Mixtures. 

3.2.5.5 Curing Regime 

The section was steam cured, which entails placing a tarp over the section and injecting steam into this 

environment. The steam curing lasted until the internal temperature of the concrete reached the required, 

proprietary temperature limit. This is typically 6 to 8 hours of injecting steam. The section was then cured 

with soaked burlap and plastic until day 3. After coring on day 3, the section was kept inside the precast 

manufacturers plant until day 28, near room temperature.  

The cylinders were placed under the tarp with the structure until the structure was demoulded and then 

the cylinders were placed into a water tank. Cores tested on the same day as coring were tested by the 

precast manufacturer, while the cores tested on days after coring were transported to an MTO facility for 

testing. These cores were transported in buckets, wrapped in soaked burlap and bubble wrap for 

protection. Once received, the cores were placed in a moisture room until testing. 

3.2.6 Valve Chamber VC 

3.2.6.1 Structural Details 

The last structure cast, cored, and tested was a large box structure in a precast manufacturer’s facility with 

wall thickness of 254 mm, exterior dimensions of 2946 mm by 1880 mm and a height of 2267 mm 

(Figure 3.17). This box was designed as a valve chamber and was cast for the purpose of extracting a 

large number of cores from a structure. The section was minimally reinforced with 15M bars on a grid. 

The spacing of the vertical bars was 500 mm on walls A and C, and 250 mm on walls B and D, and the 
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spacing of the horizontal bars was 350 mm on all walls. Lifting anchors were placed on walls B and D. 

Steel formwork was used for this structure. Thermocouples were placed, as shown in Figure 3.17, to 

monitor the temperature throughout the testing period. 

 

Figure 3.17: Valve Chamber (VC) Shape, Dimensions, Reinforcement Layout, and Approximate 

Coring Layout 

3.2.6.2 Coring Procedure and Layout 

Coring of the sample was conducted on days 3, 7, 14, and 28. Figure 3.17  above shows the approximate 

coring layout, while the exact location of each core can be found in Appendix D - Raw Data. Table 3.15 

summarizes the number of cores taken each day and the purpose of each core. Please note, cores from 

walls A and C were 75 mm and 100 mm in diameter, while cores from walls B and D were 94 mm in 

diameter. The 120 cores extracted from walls A and C on day 14 were tested for an investigation into the 

l/d ratio and diameter effects. 
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Table 3.15: VC Core Sample Summary 

Coring Date Wall Test Test Date Quantity 

Day 3 B Compression Day 3 3 

Day 3 B Compression Day 28 3 

Day 3 B RCP Other 1 

Day 7 D Compression Day 7 3 

Day 7 D Compression Day 28 3 

Day 7 D RCP Other 1 

Day 7 D AVS Other 1 

Day 14 A Compression Day 28 60 

Day 14 C Compression Day 28 60 

Day 14 B Compression Day 28 3 

Day 14 B RCP Other 1 

Day 28 D Compression Day 28 3 

 

In addition to the core samples, 18 cylinders were cast for compression testing on days 3, 7, 14, 21 and 

28, and RCP testing. A rebar locator was used to find the approximate location of the steel reinforcement 

to limit the possibility of coring through the steel reinforcement. The coring was completed using a water-

cooled diamond tipped coring drill. Post-installed anchors were used to fasten the coring drill to the valve 

chamber. Core holes were plugged, with the same plugs as used with Beams B1 and B2 and shown in 

Figure 3.9, to limit the impact of the holes on the curing of the valve chamber as the same wall was cored 

on multiple days. Cores tested on days other than the day they were cored were conditioned in a solution 

of saturated calcium hydroxide.  

3.2.6.3 Core Sample Naming 

The core labelling for VC is similar to that of the previous structures. Samples tested on the same day 

as they were cored were given the conditioning state of “Dry”. In this test, there was only one 

conditioning type: Saturated. Examples are as follows: 
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Table 3.16: Core Sample Labelling Examples for Sets of Cores for VC 

Structure Conditioning 
Day 

Cored 
Day 

Tested 
Label 

VC Dry 28 28 VC-D-28-28 

VC Saturated 3 28 VC-S-3-28 

Table 3.17: Cylinder Sample Labelling Examples for VC 

Structure Conditioning Day Tested Label 

VC Saturated 28 VC-S-28 

VC Dry 3 VC-D-3 

 

3.2.6.4 Concrete Mixture 

The concrete mixture used for this structure was a self-consolidating concrete (SSC), which is not 

typically used on MTO projects. The mixture had a total cementitious content of 480 kg, with 75% HE 

cement and 25% BFS, and a w/cm ratio of 0.36. The concrete had an air content of 7.9% at casting, a 

slump flow of 580 mm, and utilized a maximum aggregate size of 19 mm. The detailed concrete mixture 

can be found in Appendix A - Concrete Mixtures. 

3.2.6.5 Curing Regime 

The exposed top surface of the box was covered with an insulated tarpaulin following the cast. The valve 

chamber was demoulded after approximately 18 hours and held indoors for the next 24 hours, after which 

it was placed outdoors for the remainder of the test. The cylinders were kept with the structure until it was 

placed outdoors, at which point the cylinders were kept indoors. The cylinders were brought to the UW 

lab on day 3 after coring, demoulded, and placed in a calcium hydroxide solution. This test was conducted 

during the winter, thus temperatures below 0°C were experienced.  

3.2.7 Cylinder Cast CC 

3.2.7.1 Structural Details 

An additional large-scale cylinder cast was conducted in collaboration with the same precast 

manufacturer as the VC structure, at a later time. The purpose of this test was to isolate the effect of 

damage caused by coring through direct comparison with the VC structure by keeping all parameters as 

close as possible, with the only difference being that these are cylinders, instead of cores. Plastic moulds 
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with lids were used. A photograph of the cylinder moulds before concrete casting is shown in Figure 3.18. 

Thermocouples were placed in a 100 mm x 200 mm, a 100 mm x 150 mm, and a 75 mm x 150 mm 

cylinder, as well as one thermocouple for the ambient temperature. 

 

Figure 3.18: Photo of Cylinder Moulds Used for Cylinder Cast (CC) Before Concrete was Placed 

3.2.7.2 Test Matrix 

In total, there were four sets of dimensions used, similar to the VC set: 100 mm by 200 mm, 100 mm by 

150 mm, 75 mm by 150 mm, and 75 mm by 112.5 mm. These dimensions give the l/d ratios of 2 and 1.5 

for each diameter, matching those of the VC set. The number of cylinders cast in each dimension set 

varied between 30 and 35 for testing on day 28. Standard cylinders were also cast for testing on days 3, 7, 

14, 21, and 28. 

3.2.7.3 Cylinder Sample Naming 

The cylinder labelling for CC is similar to that of the previous structures. In this test, there was only one 

conditioning type: Saturated. Examples are as follows: 

Table 3.18: Cylinder Sample Labelling Examples for Sets of Cylinders for CC 

Structure Conditioning Diameter l/d Ratio Day Tested Label 

CC S 100 2 28 CC-S-100-2-28 

CC S 75 1.5 28 CC-S-75-1.5-28 
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Table 3.19: Standard Cylinder Sample Labelling Example for CC 

Structure Conditioning Day Tested Label 

CC Saturated 14 CC-S-14 

3.2.7.4 Concrete Mixture 

The concrete mixture used for this structure was a self-consolidating concrete (SSC), which is not 

typically used on MTO projects. The design mixture was identical to the concrete mixture used on VC. 

The mixture contained a total cementitious content of 480 kg, with 75% HE cement and 25% BFS, for a 

w/cm ratio of 0.36. The concrete had an air content of 7.8% at casting, a slump flow of 655 mm, and 

utilized a maximum aggregate size of 19 mm. The detailed concrete mixture can be found in Appendix A 

- Concrete Mixtures. 

3.2.7.5 Curing Regime 

As with the other parameters, the curing regime was kept as close to the VC as possible. The cylinders 

were held indoors for 46 hours then brought to the UW laboratory where the lids were removed, and the 

cylinders were placed outdoors. The standard cylinders, for testing of days 3, 7, 14, 21, and 28, were 

placed indoors until day 3, at which point they were demoulded, end ground, and either tested or 

immersed in a solution of saturated calcium hydroxide. As with the VC structure, this test was conducted 

during the winter, thus outdoor temperatures below 0°C were experienced. The cylinders which were 

placed outdoors were brought indoors and demoulded on day 14 and immersed in a solution of saturated 

calcium hydroxide. These cylinders were end ground between day 15 and 21, which was similar to the 

VC cores. The cylinders were only removed from the solution of calcium hydroxide for no more than one 

hour for end grinding.  
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Experimental Results 

This chapter presents the experimental results relating to the compressive strength, air void analysis, and 

density of the cores and cylinders from each structure tested, as well as the temperature monitoring of the 

structure. It also includes a preliminary analysis and discussion of the data relating to each structure. 

Chapter 5 will include the analysis and discussion of all the data together. The raw data can be found in 

Appendix D - Raw Data. 

4.1 Preliminary Analysis Methodology 

The analysis and preliminary discussion of the data in this chapter is limited to inferences made using 

statistical methods within the datasets. Two two-tailed statistical methods are utilized and are used as a 

preliminary analysis to determine if different parameters, such as the location from which a core is 

extracted, are affecting the properties of the concrete. These are the F-test of equality of variances, and a 

two-sample T-test of equality of means [79]. The F-test is first conducted to determine if the two sample 

sets (for example, vertically and horizontally extracted cores) share an equal variance. If these two sample 

sets do not share an equal variance, the parameter may be introducing error into the compressive strength 

test result which is increasing the variance of one of the sample sets. The following equations show how 

this is determined: 

Null Hypothesis 𝐻𝑜: 𝜎1
2 = 𝜎2

2 

(4.1) Test Statistic 𝐹𝑜 = 𝑆1
2 𝑆2

2⁄  

Test Criterion Reject Null: 𝐹𝑜 > 𝐹𝛼 2⁄ ,𝑛1−1,𝑛2−1 𝑜𝑟 𝐹𝑜 < 𝐹1−𝛼 2⁄ ,𝑛1−1,𝑛2−1 

The null hypothesis, 𝐻𝑜, is that the two sample sets originate from the same population, which has a 

variance, 𝜎𝑖
2. The test statistic, 𝐹𝑜, is calculated using the samples’ variances, 𝑆𝑖

2, and if the test statistic is 

outside the bounds of the test criterion, determined by the F distribution utilizing the degrees of freedom 

of each sample set, 𝑛𝑖 − 1, and the significance level, 𝛼, then the null hypothesis is rejected, and the 

sample sets do not originate from the same population, which has a variance of  𝜎𝑖
2. 

The second statistical method is a two-sample T-test to determine if the means of two sample sets are 

different. If the means of two sample sets are different, the parameter investigated is increasing or 

decreasing the result of the compressive strength test. This statistical test depends on whether the sample 

sets’ variances are equal or unequal, which was determined previously using the F-test, and is shown 
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below in Equation (4.2). In this case, the null hypothesis is that the two sample sets have the same mean, 

𝜇𝑖. Calculating the test statistic, 𝑡𝑜, and comparing the result to the test criteria, with degrees of freedom 

𝜈, the null hypothesis is either rejected, and the sample sets have different means, or accepted, and the 

sample sets have the same mean. The significance level of 5% has been chosen for these tests, which 

means that there is a 5% chance that a type 1 error has been made, i.e. the rejection of the null hypothesis 

when it should not have been rejected. This is also known as a 95% confidence level. 

 Unequal Variances Equal Variances  

Null Hypothesis 𝐻𝑜: 𝜇1 = 𝜇2 𝐻𝑜: 𝜇1 = 𝜇2 

(4.2) Test Statistic 

{
 
 
 

 
 
 𝑡𝑜 =

𝜇1 − 𝜇2

𝑆𝑝√
1
𝑛1
+
1
𝑛2

𝑆𝑝 =
(𝑛1 − 1)𝑆1

2 + (𝑛2 − 1)𝑆2
2

𝑛1 + 𝑛2 − 2

𝜈 = 𝑛1 + 𝑛2 − 2

 

𝑡𝑜 =
𝜇1 − 𝜇2

√
𝑆1
2

𝑛1
+
𝑆2
2

𝑛2

 

𝜈 =
(
𝑆1
2

𝑛1
+
𝑆2
2

𝑛2
)
2

(𝑆1
2 𝑛1⁄ )2

𝑛1 − 1 +
(𝑆2

2 𝑛2⁄ )2

𝑛2 − 1

 

Test Criterion Reject Null: |𝑡𝑜| > 𝑡𝛼 2⁄ ,𝜈 Reject Null: |𝑡𝑜| > 𝑡𝛼 2⁄ ,𝜈 

A test to determine if the sample set included an outlier was also completed, following the procedure of 

ASTM E178 [80]. This test, shown below in Equation (4.3), was conducted on the low and high values, 

𝑥1 and 𝑥𝑛 (e.g. high and low compressive strength results), in each data set to check for both low and high 

outliers.  

Null Hypothesis 𝐻𝑜: 𝑥1 𝑜𝑟 𝑥𝑛 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑛 𝑜𝑢𝑡𝑙𝑖𝑒𝑟 

(4.3) 

Test Statistic 𝑇1 =
𝑥̅ − 𝑥1
𝑆

, 𝑇𝑛 =
𝑥𝑛 − 𝑥̅

𝑆
 

Test Criterion 
Reject Null: 𝑇1, 𝑇𝑛 >

𝑡𝛼 2⁄ 𝑛,𝑛−2

√1 +
𝑛𝑡𝛼 2𝑛⁄ ,𝑛−2

2 − 1

(𝑛 − 1)2

 

The test statistic, 𝑇1 or 𝑇𝑛, is calculated by determining the standardized distance from the mean, by 

calculating the distance between the value in question, 𝑥1 or 𝑥𝑛, and the mean, 𝑥̅, and dividing by the 

standard deviation of that sample set, 𝑆. This test statistic is then compared to the test criterion provided 

by ASTM E178 [80], which includes the value of the t-distribution given the significance value, 𝛼, and 

number of samples in the data set, 𝑛. If the test statistic is larger than the test criterion, that value is an 
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outlier, and removed from the data set. This process is completed until all outliers are removed. Outliers 

are denoted in Appendix D - Raw Data. 

4.2 Temperature Monitoring 

Temperature probes were placed in the concrete structures. For the Beam B1, a temperature probe was 

placed in one of the four beams cast, as well as one monitoring the ambient temperature. Figure 4.1 below 

shows the temperature profile over 28 days, with the days of coring, day 3, 7, 14, and 28, marked, while 

Figure 4.2 shows the first 7 days. On the coring days, there is a temperature dip due to the use of water to 

cool the coring drills. The maximum temperature reached during the hydration period was 40.8°C. 

 

Figure 4.1: Temperature Monitoring of Beam B1 Over 28 Days 

The temperature monitoring data for the other structures can be found in Appendix B.3 Temperature 

Monitoring. The temperature probe layout for each structure was discussed previously in their respective 

subsection in Section 3.2. Table 4.1 below summarizes the maximum temperatures for each structure in 

various locations. 
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Figure 4.2: Temperature Monitoring of Beam B1 Over 7 Days 

Table 4.1: Summary of Maximum Temperatures for Various Locations of Each Structure 

Structure and Location Maximum Temperature (°C) 

B1 40.8 

B2 55.7 

B2 Cylinder 24.2 

G1 Middle-Middle 57.0 

G1 Cylinder 30.8 

G2 Middle-Middle 49.3 

G3 Middle Web 61.5 

G3 Top Flange Surface 71.0 

VC Middle-Middle Big Wall 46.9 

VC Corner 51.2 

CC 100 mm l/d = 2 24.0 

CC 75 mm l/d = 2 21.6 
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4.3 Compression Strength Results 

This section presents the results of the compressive strength tests of all the structures tested: B1, B2, G1, 

G2, G3, MH, VC, and CC. Both cylinder and core results are shown. The effect of coring date, direction 

of coring, location, conditioning, diameter, length-to-diameter (l/d) ratio, temperature experienced, and 

density on the compressive strength of the core are briefly analyzed and discussed. Error bars in figures 

represent one standard deviation from the average value. 

4.3.1 Cylinder Results 

The compressive strengths of the cylinders for all structures are shown below in Figure 4.3. The three 

conditioning states, dry (D), moist (M), and saturated (S), refer to how the cylinder was stored before 

testing. For simplicity of plotting, the day 3 cylinder results are shown under each of the different 

conditioning states, as they were removed from their moulds on day 3 and had not been conditioned. The 

“moist” cylinders were placed in a moisture room, which maintains a relative humidity of 100%, the 

“saturated” cylinders were placed in a calcium hydroxide solution, and the “dry” cylinders were sealed in 

plastic until the testing day.  

 

Figure 4.3: Compressive Strength of Cylinders from All Structures 
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Only the B1 and B2 structures had cylinders in multiple conditioning states: moist and saturated. As 

seen in the figure above, there was no difference in compressive strength results between the moist and 

saturated cylinders, which was corroborated by the F and T-test discussed previously at a 95% confidence 

level. 

4.3.2 Core Results: Timing of Core Extraction 

Beams B1 and B2 had cores extracted on days 3, 7, 14, and 28. Figure 4.4 below shows the compressive 

strength on Day 28 of cores which were extracted on the various coring days, in both the dry and 

saturated conditioning states, and vertical and horizontal coring direction. Cores extracted on days 3, 7, 

and 14 were conditioned either dry or saturated in calcium hydroxide until the day 28 testing. As the 

figure below shows, the compressive strengths of the dry cores on all days were not different than the day 

28 dry core; however, the saturated cores were of lower compressive strength than the day 28 dry core. 

The F-test determined that all the variances are equal to the variance of the day 28 dry core, except the 

B1-D-V-3-28, and B1-S-V-3-28 core sets. The T-test showed that only the B1-S-H-14-28 core sets were 

different that their day 28 tested counterparts, at a 95% confidence level. This shows that, regardless of 

coring day, the strength of the sample when tested on day 28 is the same for this structure. 

 

Figure 4.4: Day 28 Compressive Strength of Beams B1 and B2 Cores Extracted on Various Days, in 

Saturated and Dry Conditions, and Vertical and Horizontal Coring Directions 
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A similar process was conducted for structures G1, G2, G3, and VC, as cores from these structures 

were also extracted at various days. These figures can be found in Appendix B.1. A summary table 

showcasing which datasets had statistically different variances or means is shown below in Table 4.2. The 

P-value, which is the probability of the test statistic, 𝐹𝑜 or 𝑡𝑜, occurring, are also shown in Table 4.2. If 

the P-value is smaller than the significance level, 𝛼, chosen, which is 0.05 for these tests, the null 

hypothesis is rejected, and the variances or means are different. All other comparisons were found to be 

statistically not different at a 95% confidence level. In total, 41 datasets were tested, of which 8 were 

statistically different.  

Table 4.2: Summary Table of Statistically Unequal Variances or Different Means When Comparing 

Core Extraction Date 

Datasets 
Result of F-Test 

(Variances) 

P-Value  

of F-Test 

Result of T-Test 

(Means) 

P-Value 

of T-Test 

B1-D-V-3-28 

B1-D-V-28-28 
Unequal 0.0027 Not Different 0.7562 

B1-S-V-3-28 

B1-D-V-28-28 
Unequal 0.0003 Not Different 0.8813 

B1-S-H-14-28 

B1-D-H-28-28 
Equal 0.4320 Different 0.0163 

G2-S-B-3-28 

G2-D-B-28-28 
Equal 0.4295 Different 0.0232 

G2-S-M-3-28 

G2-D-M-28-28 
Unequal 0.0228 Not Different 0.957 

G3-M-BF-3-28 

G3-D-BF-28-28 
Unequal 0.0132 Not Different 0.6372 

VC-S-3-28 

VC-D-28-28 
Equal 0.2728 Different 0.0002 

VC-S-7-28 

VC-D-28-28 
Equal 0.8036 Different 0.0126 

 

The VC structure had three datasets for comparison, two of which were statistically different. The third 

dataset contained an outlier which decreased the dataset to two samples. This makes it difficult for the T-

test to show that two datasets are different.  
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In total, there were four datasets in which there was a difference in compressive strength on day 28 

between different coring days: B1-S-H-14 and B1-D-H-28, G2-S-B-3 and G2-D-B-28, VC-S-3 and VC-

D-28, and VC-S-7-28 and VC-D-28. The differences seen in the VC dataset can be attributed to the 

curing conditions: samples cored at earlier times had a longer time to cure indoors in a saturated 

conditioning state compared to the structure, which was left outdoors in sub-zero temperatures. This will 

be discussed in Section 4.2.9 Core Results: Temperature Effects. The G2 dataset also experienced some 

temperature effects discussed in Section 4.2.9, as well as some consolidation issues leading to large voids 

present in the cores resulting in lower compressive strength results. In the remaining 35 comparisons, 

only one was found to be statistically different. Therefore, there does not appear to be a difference 

between the core extraction dates with respect to the compressive strength on day 28. 

4.3.3 Core Results: Vertically vs. Horizontally Drilled 

Beams B1 and B2 had cores which were extracted parallel to the direction of casting (Vertical), and 

perpendicular to the direction of casting (Horizonal). Previous research has shown that the direction of 

coring can impact the compressive strength of a core [41]. Figure 4.5 below shows the day 28 

compressive strengths of cores that were extracted vertically and horizontally, in both the dry and 

saturated conditioning states. As shown in the previous section, there was only one case where the 

average compressive strength of cores tested on day 28 differed based on the core extraction date in the 

B1 and B2 datasets. As such, the values shown in Figure 4.5 are the average values over all the coring 

days for each conditioning state.  

Figure 4.5 shows that the values, in some cases, do differ, and the difference is more noticeable in the 

dry conditioning state. By inspection, it appears that the horizontal cores have a relatively higher 

compressive strength compared to their vertical counterparts. However, statistically, only the B1-D data 

sets showed a difference in mean at a 95% confidence level. The horizontal cores in B1-D had a 6% high 

compressive strength than the vertical cores.  

This observation is different than that found in the literature [41]. As discussed in Section 2.2.3 Coring 

Direction of Sample, the bleed water settles under the aggregates, and when the core is extracted 

horizontally, that bleed water forms a plane of weakness which is in line with the direction of testing, thus 

weakening the horizonal samples compared to the vertical samples. There are two possible explanations 

as to why this effect was not seen in these tests. The first is that the horizontal cores were lower in the 

beam than the vertical cores (Figure 3.6) and that caused a slight height effect, boosting the compressive 

strength of the horizontal cores. The other explanation is the concrete mixtures included SCMs which  
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Figure 4.5: Day 28 Compressive Strength of Beams B1 and B2 Vertical (Red) and Horizontal (Blue) 

Cores, in both Dry and Saturated Conditioning States 

reduced the amount of bleed water present. With the reduced amount of bleed water, this plane of 

weakness would not have formed. 

For this comparison, there were four sets of horizontal/vertical cores, only one was statistically 

different, while the others showed no statistical difference. Therefore, in modern concrete mixtures, 

which include SCMs and low w/cm ratios, the effect bleed water has on the compressive strength may be 

reduced, and the effect of coring direction may no longer be apparent. 

4.3.4 Core Results: Variation along Height of Structure 

Structures G1, G2, and G3 were all sections of a girder. G1 and G2 were only the web component, while 

G3 was a full section of a girder. Cores were extracted from the top and bottom of G1, from the top, 

middle, and bottom of G2, and from the bottom flange, bottom of the web, middle of the web, top of the 

web, and top flange from G3. Figure 4.6 below shows the Day 28 compressive strength from these 

locations. The G1 dataset is split based on the diameter and l/d ratio, and the G2 and G3 datasets are split 

based on the day of coring and their respective conditioning types. 
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Figure 4.6: Day 28 Compressive Strength of G1, G2, and G3 Cores, Extracted from Various 

Heights, on Various Days 

In the figure above, the G1 points are virtually identical, and show no difference with respect to the 

height. The G3-D-28 dataset appears to have no relation between the compressive strength and the height 

from which the core was extracted; however, G3-M-3 does show a slight relation where compressive 

strength decreases with height. Table 4.3 below summarizes the datasets which have statistical differences 

at a 95% confidence level. As can be seen in the table below, the G1 dataset has an unequal variance, 

while the means are not different. G2 has a difference in means only in the day 3 cores. However, the G3 

cores exhibited large entrapped air voids which would have caused or, at least, contributed to the 

difference in variance. The G3 dataset had many different means, most of which deal with the Top Web 

location, as it appears to have a higher average strength compared to the other locations, even the Top 

Flange.  

As discussed in Section 2.2.2 Location of Extracted Core, previous research has indicted that a core 

extracted from a higher location would have a lower strength than those cored from lower levels. This can 

be seen in Figure 4.6 for some cases (G2 and G3-M-3), but not for others (G1, G3-D-28).  
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Table 4.3: Summary of Height Effect Datasets with Differences  

Datasets Difference P-Value 

G1-S-T75-2 

G1-S-B75-2 
Unequal Variances 0.0165 

G2-S-T-3 

G2-D-B-3 
Different Means 0.0287 

G2-D-T-28 

G2-D-M-28 
Unequal Variances 0.0172 

G3-M-BF-3 

G3-M-M-3 
Unequal Variances 0.0072 

G3-M-BF-3 

G3-M-TF-3 
Unequal Variances 0.0035 

G3-D-TF-28 

G3-D-T-28 
Different Means 0.0291 

G3-D-TF-28 

G3-D-B-28 
Different Means 0.0308 

G3-D-T-28 

G3-D-M-28 
Different Means 0.0073 

G3-D-T-28 

G3-D-BF-28 
Different Means 0.0172 

 

Another dataset, VC, had cores extracted at various heights, but without a definition of “Top” or 

“Bottom”. However, the actual location of the center of each core was measured. This was also done for 

the G1, and G2 datasets. The G3 dataset had the heights of cores reasonably estimated, via photographs 

and engineering drawings. With the actual measurements, Figure 4.7 below shows the ratio of the Day 28 

core compressive strength to the average of all the Day 28 core compressive strength results from that 

structures versus the actual height of the center of the core.  

From Figure 4.7, the trend of decreasing strength in the G2 and G3 structure can be seen as the height 

increases, except for the “Top Web” (1600 mm) location of G3. However, this trend is not seen in the G1 

and VC structures. The G2 dataset had some consolidation issues during construction which may explain 

the height effect being present in that dataset. VC was a self-consolidation concrete (SCC) mixture which 

is cohesive and very workable, and thus does not produce much bleed water, which is the leading theory  
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Figure 4.7: Ratio of Day 28 Compressive Strength to Average Day 28 Compressive Strength of G1, 

G2, G3, and VC Cores, Extracted from Various Heights 

on why the height effects the compressive strength. Similarly, G1 was constructed in the UW laboratory, 

and was well consolidated. The G1 concrete mixture included 25% slag and a low w/cm ratio, which 

would reduce, if not completely remove, any bleed water, and thus, any height effect on the compressive 

strength. Lastly, the G3 structure was constructed by a precast manufacturer without the supervision of 

any UW students or technician. As such, no explanation can be given for the results seen. In conclusion, 

the effect of height on the compressive strength of a core, in reasonably constructed structures, is not as 

apparent as in the past due to the use of SCMs, low w/cm ratios, and superplasticizers in modern concrete 

mixtures.  

4.3.5 Core Results: Variation along Length of Structure 

Similar to the previous section, the center of core locations in the horizontal direction were measured in 

structures G1, G2, and VC. Figure 4.8 below shows the ratio of the Day 28 core compressive strength to 

the average of all the Day 28 core compressive strength results from that structures versus the horizonal 

distance between the center of the structure and the center of the core. Data for G3 were not included in 

the figure due to difficulties in accurately estimating the horizontal distances from photographs received. 
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Figure 4.8: Ratio of Day 28 Compressive Strength to Average Day 28 Compressive Strength of G1, 

G2, and VC Cores, Extracted from Various Distances from Center 

As seen in Figure 4.8, there does not appear to be a trend between the length along the structure and the 

compressive strength. This was corroborated by analysis of the data which gave a correlation coefficient 

of -0.0129, which shows no correlation.  

4.3.6 Core Results: Dry vs. Saturated 

When a core was extracted and was to be tested at a later date, that core was conditioned either in the Dry 

or Saturated conditioning types until testing. The Dry conditioning type was also used to describe cores 

that were extracted and tested on the same day; however, continuing inside the structure is not the same as 

being sealed in plastic. To adequately compare the effect of the Dry and Saturated conditioning types, 

only Dry samples which were sealed in plastic were considered. The only structures in which samples 

were dry sealed in plastic were those from the Beams B1 and B2. Figure 4.9 below shows the Dry and 

Saturated cores extracted on various days, all tested on day 28. 
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Figure 4.9: Day 28 Compressive Strength of Beams B1 and B2 Dry (Grey) and Saturated (Blue) 

Cores, Extracted on Various Days 

The Saturated cores appear to have a lower compressive strength compared to their counterpart Dry 

cores.  When comparing cores extracted on the same day, the Dry and Saturated cores were statistically 

different in two of the six comparisons: B1-7-28 and B2-7-28. The Saturated cores had a 6.4% and 2.8% 

lower compressive strength than their Dry counterparts, respectively. The B2-3-28 cores had unequal 

variances, but the same means, at a 95% confidence level. This effect will be discussed in more detail in 

Chapter 5. 

4.3.7 Core Results: Diameter 

Multiple structures tested utilized 75 mm diameter cores and cylinders: G1, G2, VC, and CC. G2 only 

used 75 mm diameter cores, and thus there is no 100 mm diameter cores to compare results. The G1 

structure utilized both 100 mm and 75 mm diameter cores, but at different l/d ratios. Both diameter cores 

had a length of 150 mm which meant the 100 mm diameter samples had a l/d ratio of 1.5, while the 75 

mm diameter cores had a l/d ratio of 2. VC, where cores were extracted, and CC, where cylinders were 

cast, had both the 100 mm and 75 mm diameters samples, at both l/d ratios of 1.5 and 2.  
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Figure 4.10 below shows the G1, VC, and CC samples at the 100 mm and 75 mm diameters, at their 

respective l/d ratios. The G2 data was excluded due to a lack of a counterpart. The G1 data is not a direct 

comparison of diameters as there is also a differing l/d ratio between the 75 mm and 100 mm diameter 

cores. The VC and CC are direct comparisons of the diameter as the l/d ratios are the same. The G1 data 

is the averaged compressive strength of all the cores tested on Day 28, regardless of core extraction date, 

and conditioning type, as the previous sections showed that neither effected the compressive strength. The 

G1 data is split between the top and bottom cores.   

 

Figure 4.10: Day 28 Compressive Strength of G1, VC, and CC Samples, with 100 mm (Black) and 

75 mm (Blue) Diameters, and 2.0 and 1.5 l/d Ratios. G1 Data Split Between Top and Bottom 

From Figure 4.10 above, the 75 mm diameter samples exhibited a lower compressive strength in three 

of the four cases in the VC and CC datasets. The CC datasets have statistically different means, with 

equal variances. The VC samples with a l/d ratio of 2 have different means, while the l/d ratio of 1.5 has 

unequal variances. For the G1 datasets, no samples were found to be different. However, the 

compounding effect of diameter and l/d ratio may be contributing. The l/d ratio will be discussed in the 

next section, and both the diameter and l/d ratio effects will be discussed in more detail in Chapter 5.   
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4.3.8 Core Results: Length-to-Diameter Ratio 

The same datasets that were used in Section 4.3.7 is used for the comparison of the l/d ratios: G1, VC, 

and CC. Figure 4.11 below shows the datasets, comparing the l/d ratios. 

 

Figure 4.11: Day 28 Compressive Strength of G1, VC, and CC Samples, with l/d Ratios of 2 (Black) 

and 1.5 (Blue), with Diameter of 100 mm and 75 mm. G1 Data Split Between Top and Bottom 

The compressive strengths of the cores with varying l/d ratios in the VC and CC datasets show similar 

means, but different variances. This observation was corroborated by the F-Test, which concludes that 

three of the four datasets in the VC and CC structures had unequal variances, with the VC-100 data sets 

having equal variances, at a 95% confidence level. The G1 dataset, similar to the previous section, is split 

between the top and bottom observations, and no differences were found in the means nor the variances. 

The l/d ratio effect is discussed in more detail in Chapter 5. 

4.3.9 Core Results: Temperature Effects  

Some of the structures tested experienced cold temperatures before Day 28: G2, MH, VC, and CC. ACI 

318-14 [68], CSA A23.1-14 [4], and OPSS 909 [81], 1350 [69], and 904 [82] all restrict the temperature 

of concrete during curing to a minimum of 10°C. During curing is defined differently in each of these 

standards; however, the majority of the standards agree that once the concrete has reached 75% 𝑓𝑐
′, it may 
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experience lower temperatures. The temperature monitoring data of these structures can be found in 

Section 0. MH and VC had cores extracted at various times before Day 28, and conditioned until Day 28, 

G2 only had cores extracted on Day 3 and Day 28, and the cylinders from CC were conditioned from Day 

14 until Day 28. Therefore, to investigate the effect of low temperature exposure on the concrete 

compressive strength, CC was not included in the dataset as there is only one timeframe in this dataset. 

Figure 4.12 below shows the Day 28 compressive strength of the cores compared to the length of 

conditioning, which is the period of time between when the cores were placed in their respective 

conditioning type and day 28 testing, which for most samples was the coring date. However, dataset MH 

was not placed into the dry conditioning state directly after coring.  

 

Figure 4.12: Day 28 Compressive Strength of VC, MH, and G2 Cores, with Varying Lengths of 

Conditioning. G2 Data Split Between Top, Middle, and Bottom 

Please note that MH7 was not tested on Day 28, but Day 25. This is due to Day 28 being during the 

Christmas period when the UW laboratory was closed. Within the G2 structure, only G2-S-B shows a 

difference between the cores extracted and tested on Day 28, and the cores which were extracted on Day 

3 and conditioned for 25 days until Day 28, at a 95% confidence level. The VC dataset does show 

significant difference between the various lengths of conditioning and the Day 28 result. Statistically, the 
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Day 3 and 7 extracted cores have different means than the Day 28 extracted cores; however, the Day 14 

extracted cores are not different than the Day 28 cores – this is primarily due to an outlier in the Day 14 

extracted cores which reduced the sample size to two. The MH dataset is harder to compare as each set of 

data was extracted from a different element, in different conditions, with no other cores for comparison 

from the same element. A small trend regarding an increase in the Day 28 compressive strength can be 

seen as the length of conditioning increases; however, the R2 of 0.1393 shows that there is no statistical 

relation. 

4.3.10  All Results: Density Effects 

Before compression testing, each sample was weighed and measured. From this, an approximate density 

was calculated. The sample densities of B1 cores are plotted against the day 28 compressive strength in 

Figure 4.13 to determine if there is a relation between the two variables. A linear trendline was added, and 

the R2 value of 0.0039 shows that there is no correlation between density and compressive strength in this 

dataset. Plots for the other structures can be found in Appendix B.2. Table 4.4 below summarizes the R2 

of all structures. 

 

Figure 4.13: Day 28 Compressive Strength of Beam B1 Samples versus Sample Density (Others 

Found in Appendix B.2) 

y = -0.0094x + 64.361
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Table 4.4: Summary Table of R2 of Day 28 Compressive Strength Versus Density for All Structures  

Structure R2 

B1 0.0039 

B2 0.0801 

G1 0.1215 

G2 0.7187 

G3 0.5334 

MH 0.0015 

VC 0.0719 

CC 0.0384 

 

Other than G2 and G3, the R2 values show that the density and the compressive strength are not 

correlated. The G2 structure had some consolidation issues during construction, leading to large voids in 

the samples tested. These large voids are not common in concrete construction and contributed greatly in 

reducing the density and the compressive strength. The G3 structure was constructed by a precast 

manufacturer without the supervision of any UW students or technician. As such, no explanation can be 

given for the results seen. A correlation test was conducted on all the data and resulted in a correlation of 

0.0064. While the G2 and G3 structures show good correlation between compressive strength and density, 

the overall dataset showed that there is no correlation.   

4.4 Air Void Analysis 

The air void system of a number of samples was analyzed by an MTO certified commercial laboratory 

(MTO) and by the University of Waterloo (UW). The testing method utilized differed between the testing 

locations. The naming convention for the sample label is “Structure-Location-Day Cored-Conditioning 

Type”. Table 4.5 below shows the results of those tests. These data may be used in later sections for 

discussion. OPSS 1350 [69] requires a minimum air content of 3.0%, and a maximum spacing factor of 

0.230 mm, or 0.250 mm for high-performance concrete and silica fume mixtures. The values which 

exceed the limits of OPSS 1350 are highlighted in the table below.  
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Table 4.5: Air Void Analysis for Beam B1 Samples 

Sample 
Label 

Completed 
by: 

Air Content 
(%) 

Spacing factor 
(mm) 

Paste Content 
(%) 

Specific Surface 
(mm-1) 

B1-D-H-3 UW 2.06 0.201 - 36.15 

B1-S-H-3 UW 1.72 0.313 - 25.13 

B1-D-V-7 UW 2.92 0.170 - 36.60 

B1-S-V-7 UW 3.06 0.172 - 35.38 

B1-S-H-28 MTO 4.8 0.163 33.04 32.89 

B1-S-V-14 MTO 4.5 0.175 33.70 31.71 

B2-S-H-28 MTO 6.3 0.162 32.30 28.92 

B2-S-V-14 MTO 3.9 0.149 29.93 37.71 

G1-S-T-3 MTO 4.2 0.319 41.11 19.65 

G1-S-B-3 MTO 3.3 0.238 34.89 27.19 

G2-S-T-3 MTO 6.9 0.171 35.00 27.22 

G2-S-B-3 MTO 5.3 0.197 34.00 26.53 

G3-M-TF-3 MTO 10.2 0.115 27.10 22.95 

G3-M-BF-3 MTO 10.6 0.144 26.60 17.35 

VC-S-7 MTO 8.7 0.196 33.10 19.39 
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Statistical Analysis and Discussion 

This chapter discusses in detail the relationships between the different parameters and the performance of 

the concrete by aggregating the datasets together and performing statistical analysis including regression, 

analysis of variance, and probability. The parameters investigated are the conditioning type, diameter of 

the sample, length-to-diameter (l/d) ratio, and damage caused by coring. 

5.1 Regression Model 

Based on the research conducted by MacGregor and Bartlett [7], ACI 214 [3] proposes a correction 

model, to relate the strength of a non-standard sample to the strength of a standard sample, which has the 

form: 

𝑓𝑐,𝑠 = 𝐹𝑚𝑐𝐹𝑙 𝑑⁄ 𝐹𝑑𝑖𝑎𝐹𝑑𝑎𝑚𝑓𝑐,𝑛𝑠 
(5.1) 

where 𝑓𝑐,𝑠 is the compressive strength of a standard sample, 𝑓𝑐,𝑛𝑠 is the compressive strength of a non-

standard sample, and 𝐹𝑚𝑐 , 𝐹𝑙 𝑑⁄ , 𝐹𝑑𝑖𝑎, and 𝐹𝑑𝑎𝑚 are all strength correction factors (SCFs) which adjust the 

compressive strength result of a non-standard to be equivalent to the compressive strength result of a 

standard sample. A standard sample was defined, in this case, as a cylinder tested on day 28, with a 

diameter of 100 mm, an l/d ratio of 2, and underwent a saturated conditioning state. Each of the SCFs 

above adjusted the result of the compressive strength test when the parameter is non-standard. 𝐹𝑚𝑐 

adjusted the result if the conditioning used on the sample between coring or demoulding and testing was 

not a saturated conditioning state, 𝐹𝑙 𝑑⁄  related the l/d ratios if the l/d ratio was not 2, 𝐹𝑑𝑖𝑎 related to the 

diameter of the sample if the diameter was not 100 mm, and 𝐹𝑑𝑎𝑚 related to the damage caused by 

coring. Each of the SCFs is discussed separately in Section 5.2.  

5.1.1 Methodology 

The statistical program, R [83], was utilized to run non-linear regression analysis to determine the 

effect that each parameter has on the compressive strength of a non-standard sample. The regression 

analysis was initially run once using the least squares method then, using the residuals from the initial 

model, a second model was calculated using the weightings of 1/𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠2. This second model was 

used for each discussion. Each factor will be discussed individually in the following sections. Some 

factors, especially 𝐹𝑙 𝑑⁄ , have multiple methods of calculation by many researchers over the years. The 
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Prediction Sum of Squares (PRESS) was utilized to determine which model best represents the data 

collected [84]: 

𝑃𝑅𝐸𝑆𝑆 =  ∑(𝑌𝑖 − 𝑌̂𝑖)
2

𝑛

𝑖=1

 
(5.2) 

where 𝑌𝑖 is the unadjusted strength of the ith sample, and 𝑌̂𝑖 is the adjusted strength of the ith sample 

using a model developed without the ith sample in the data set. As such, 𝑛 regressions with datasets of 

𝑛 − 1 samples are required to calculate the PRESS. This criterion shows the error associated with 

predicting the SCF on a sample strength without using that data point in the regression.  

5.1.2 Methodology of Variance 

The variability of the SCFs was calculated using two methods. The first method is the theoretical 

variability derived from the equation of the SCF, 𝐹, using the first order approximation, and the error 

associated with the coefficients generated by regression, 𝛽𝑖, as follows: 

 𝑉 =
√𝑉𝑎𝑟[𝐹]

𝐸[𝐹]
=
√∑

𝜕𝐹
𝜕𝛽𝑖

𝑛
𝑖=1 𝑉𝑎𝑟[𝛽𝑖]

𝐹
 (5.3) 

 

The variability calculated above, 𝑉, is the coefficient of variation, CoV, defined as the standard 

deviation, √𝑉𝑎𝑟[𝐹], divided by the expected value, 𝐸[𝐹]. The data was assumed to follow a normal 

distribution and, thus, the SCF would also be normally distributed, allowing the expected value of the 

SCF, 𝐸[𝐹], to be the value of the SCF, 𝐹. The assumption of independence between the coefficients of 

regression, 𝛽𝑖, allows Equation (5.3) to be simplified as stated above, ignoring the correlation between 

coefficients.  

The second method of determining the variability of the factors captures the variability of the input data 

as well. This method was outlined by Bartlett and MacGregor [71]. The correction factors all have the 

following form: 

 𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 𝐹𝑖  𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 (5.4) 

where 𝐹𝑖 is the SCF, 𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the average standard compressive strength, and  𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the 

individual compressive strength of a non-standard sample. The ratio of test to predicted strength is: 
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 𝑅𝑖 =
𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝐹𝑖  𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 (5.5) 

Due to the error associated with 𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑 , 𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑, and 𝐹𝑖, the first order approximation of 

variability of 𝑅𝑖 includes the variability of each of these terms: 

 𝑉𝑎𝑟[𝑅𝑖] = (𝐸[𝑅𝑖])
2 ∗ (

𝑉𝑎𝑟[𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑]

(𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑) 2
+
𝑉𝑎𝑟[𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑]

(𝑓𝑛̅𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) 2
+
𝑉𝑎𝑟[𝐹𝑖]

𝐹𝑖
2 ) (5.6) 

Since 𝐹𝑖 is equating 𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 and 𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑, (𝐸[𝑅𝑖])
2 would approximate to 1, allowing Equation 

(5.6) to be simplified to: 

 𝑉𝑎𝑟[𝑅𝑖] = 𝑉𝑓𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
2 + 𝑉𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

2 + 𝑉𝐹𝑖
2  (5.7) 

where 𝑉𝑓𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  and 𝑉𝑓𝑛𝑜𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  are the known CoVs of the input and output data respectively, and 𝑉𝐹𝑖 

is the unknown CoV of the factor 𝐹𝑖. Since the value of 𝑉𝐹𝑖 varies for each observation, a closed form 

solution cannot be used. However, in a weighted regression, the variance factor, which is equal to the 

square of the standard error, equals one if the weighting is appropriate [71, 85]. Thus, the CoV of the SCF 

can be determined with the following iterative process: 

i. Guess a value of 𝑉𝐹𝑖 , 

ii. Calculate Equation (5.7), the variance of the test to predicted ratio, for each 

observation, 

iii. Calculate the weight of each test to predicted ratio as the inverse of the variance 

calculated in step (ii), 

iv. Calculate the average and variance factor for the weighted test to predicted ratios. 

The estimated value of  𝑉𝐹𝑖 from step (i) is correct if the variance factor equals 1. 

Repeat until the variance factor equals 1.  

This second method captures the true variability of the factor, while the first method only captures the 

theoretical variability caused by the regression [71].  

5.2 Strength Correction Factors 

This section discusses the strength correction factors (SCFs), including the datasets utilized, models, 

results, variability, and comparison to existing SCFs.   
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5.2.1 Effect of Conditioning 

As discussed in previous chapters, samples were conditioned from the day of extraction or demolding, 

until the day of testing. There were three types of conditioning conducted: dry, saturated, and moist. Dry 

samples were sealed in plastic after coring. Saturated samples were placed in a solution of saturated 

calcium hydroxide. Moist samples were placed in a 100% RH room. The moist conditioning state was 

only utilized on cylinders in the B1 and B2 structures, and a select number of cores from the G3 structure.  

5.2.1.1 Data Analysis 

The dataset utilized for determination of this SCF consisted of the B1 and B2 cores. The G3 dataset did 

include moist samples but did not have an adequate number of corresponding dry samples for 

comparison; whereas, the B1 and B2 samples had samples which were placed in dry and saturated 

conditions, with all other parameters the same. Therefore, the effect of conditioning can be isolated. The 

day 28 cored and tested samples were excluded from the analysis since those samples were not 

conditioned but left exposed to the laboratory conditions until cored, prepared, and tested, thus 

introducing large amounts of water to the sample prior to testing whereas the earlier cored dry samples 

had been sealed for at least 14 days before testing. Therefore, this dataset contains 72 cores, 36 of which 

were dry conditioned, and 36 were saturated. All samples were cored on days 3, 7, or 14, tested on day 

28, had a l/d ratio of 2, and a diameter of 100 mm. The only difference between the samples was the 

conditioning state, and the direction of coring. However, in Chapter 4, the difference between the vertical 

and horizontal samples was found to not be significantly different. To determine the factor, 𝐹𝑚𝑐, a direct 

comparison between the dry cores and the saturated cores was made. The saturated cores were set as the 

standard value, and the dry cores were multiplied by 𝐹𝑚𝑐, given below: 

𝐹𝑚𝑐 = 1 + 𝛽𝑑𝑟𝑦𝑍𝑑𝑟𝑦 
(5.8) 

where 𝛽𝑑𝑟𝑦 is a coefficient determined by regression and 𝑍𝑑𝑟𝑦 is an indicator variable which is 1 when 

the core is the dry conditioned, and 0 for the saturated condition. Therefore, in the standard case of 

saturated conditioning, the value of  𝐹𝑚𝑐 is 1. Using R [83], the value of 𝛽𝑑𝑟𝑦 was found.  The variability 

associated with this factor can be calculated by Equation (5.9), using the first order approximation 

method. The second method, discussed in Section 5.1.2, was also used. A summary of the values is shown 

below in Table 5.1. 

𝑉𝑚𝑐 =
√𝑉𝑎𝑟[𝐹𝑚𝑐]

𝐸[𝐹𝑚𝑐]
=
√𝑍𝑑𝑟𝑦

2 𝑉𝑎𝑟[𝛽𝑑𝑟𝑦]

1 + 𝛽𝑑𝑟𝑦𝑍𝑑𝑟𝑦
 (5.9) 
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Table 5.1: Summary of 𝑭𝒎𝒄 Regression 

Coefficient Value Standard Error P-value Value of 𝑭𝒎𝒄 
Theoretical 

𝑽𝒎𝒄 (%) 

True 

𝑽𝒎𝒄 (%) 

𝛽𝑑𝑟𝑦 -0.023 0.000068 <2.22E-16 0.977 0.007 12.325 

 

From the table above, the value of 𝛽𝑑𝑟𝑦 is negative, indicating that the dry sample’s compressive 

strength must be decreased in order to be equal to that of a saturated sample. The difference between the 

two methods of variance calculation can also be seen. The first method, the first-order approximation, is 

the theoretical 𝑉 and the true variability is the second method discussed, which incorporates the 

variability of the input data. This CoV only applies if the factor applies, i.e. the sample is not saturated, 

otherwise 𝑉𝑚𝑐 would be zero. The CoV of the input data is 9.31% for the dry conditioned samples, and 

4.73% for the saturated conditioned samples.  

5.2.1.2 Discussion of Results 

The SCF, 𝐹𝑚𝑐, given in the above section indicates that saturating the sample reduces the compressive 

strength of the sample. This matches with previous research of Popovics [40] who found that saturating a 

concrete sample before testing reduced the compressive strength greatly compared to when the sample is 

dried before testing. Popovics’ reasoning is that when the sample is saturated, the outer region of the 

concrete sample is trying to expand and does so faster than the interior, due to the limited permeability of 

the concrete sample restricting the amount of water ingress. This creates a lateral biaxial tension in the 

sample, and reduces the overall compressive strength of the sample [40].  

ACI 214 [3] gives a SCF for saturated samples of 1.09 with the standard sample being the dried 

sample. Therefore, the inverse is the factor for dried samples when the standard is defined as the saturated 

sample, which is 0.917. For comparison, the SCF found above was 0.977. To determine if the new SCF is 

statistically different than the existing SCF, the confidence interval of the new SCF is found, and if the 

existing factor is included in the confidence interval, then they are not statistically different:  

𝛽̂𝑑𝑟𝑦 − 𝑡𝑛−𝑚−1,𝛼 2⁄ 𝑆𝐸̂ ≤ 𝛽𝑑𝑟𝑦 ≤ 𝛽̂𝑑𝑟𝑦 + 𝑡𝑛−𝑚−1,𝛼 2⁄ 𝑆𝐸̂ 

−0.023 − 𝑡70,0.05 2⁄ ∗ 0.00897 ≤ 𝛽𝑑𝑟𝑦 ≤ −0.023 + 𝑡70,0.05 2⁄ ∗ 0.00897 

−0.023 − 1.994 ∗ 0.00897 ≤ 𝛽𝑑𝑟𝑦 ≤ −0.023 + 1.994 ∗ 0.00897 

−0.041 ≤ 𝛽𝑑𝑟𝑦 ≤ −0.005 

(5.10) 
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where 𝛽̂𝑑𝑟𝑦 is the estimate of the value of 𝛽𝑑𝑟𝑦 given regression, which is −0.023, 𝑡𝑛−2,𝛼 2⁄  is the value 

of a two-tailed T-distribution with degrees of freedom of 𝑛 −𝑚 − 1, where 𝑛 is the number of samples in 

the regression, and 𝑚 is the number of coefficients regressed, and significance 𝛼, and 𝑆𝐸̂ is the standard 

error associated with 𝛽̂𝑑𝑟𝑦. The value of −0.023, which is the 𝛽𝑑𝑟𝑦 of the existing model, is not included 

in the confidence interval of the new SCF. Thus, the new model and the existing model are statistically 

different at a 95% confidence level. Figure 5.1 below shows the predicted compressive strength of the dry 

samples and the residual between the predicted compressive strength and the standard, along with an 

unconservative 5% error line.  

  

Figure 5.1: B1 and B2 Predicted Day 28 Compressive Strength versus the Residual between the 

Predicted Sample Day 28 Compressive Strength and the Standard Considering Conditioning 

The graph above shows that 7 of the 18 dry B1 samples, 2 of the 17 dry B2 samples, 6 of the 18 

saturated B1 samples, and 1 of the 18 saturated B2 samples were outside the ±5% error line. The data 

points follow a linear trend as Equation (5.8) is a linear equation with only one parameter: the 

conditioning state. The 𝑓𝑠̅𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is also the same for all the cores in each set, which is the average 

compressive strength of the saturated cores. 
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5.2.2 Effect of Length-to-Diameter Ratio 

Samples with a length-to-diameter (l/d) ratio of 1.5 and 2 were tested. CSA A23 [4], ASTM C42M [2], 

and ACI 214 [3] all include a SCF for when a specimen has a l/d ratio less than 2. This specimen can be 

either a drilled core or a cast cylinder. This section will discuss how the l/d ratio was analyzed, and 

present and discuss the results of the analysis.  

5.2.2.1 Data Analysis 

Models of various forms have been proposed and utilized in the past to calculate the l/d ratio strength 

correction factor, 𝐹𝑙 𝑑⁄  [3, 4, 62–67]. These models were used as proposed and some, which were an 

outcome of a regression analysis, underwent regression analysis again with the data collected to 

determine if the original model is adequate for the current samples. These models were incorporated into 

Equation (5.1) as the function which represents 𝐹𝑙 𝑑⁄ . The PRESS statistic was utilized to determine 

which model best represented the dataset.  

The dataset contains the results from the VC and CC structures, which contains 122 cores and 123 

cylinders, respectively. These datasets were utilized since there was a direct comparison sample for each 

sample tested, since both sets included samples with diameters of 100 mm and 75 mm, and l/d ratios of 

1.5 and 2 in both diameters. The only difference between the structure sets is that VC is only cores and 

CC is only cylinders. Other data which could have been included is G1 and G3. G1 has 75 mm diameter 

samples at a l/d ratio of 2, and 100 mm diameter samples at a l/d ratio of 1.5. G3 has mainly 100 mm 

diameter samples at a l/d ratio of 1.5, with a few at a l/d ratio of 2. The reason these data were not 

included was that there is no direct comparison between samples. G1 would have effect contribution from 

both diameter and l/d ratio factors simultaneously. The G3 dataset on the other hand has location and 

coring direction effects as well. 

Table 5.2 below shows the models investigated, where models noted with R [83], signify the model 

was regressed with the data collected, otherwise the model was an existing model. Models noted with an 

asterisk (*) were not significant at a 5% confidence level. Average values of the predicted SCFs for l/d 

ratios of 2 and 1.5 are also shown. Lower values of PRESS signify a better fit of the model. 
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Table 5.2: Models Evaluated with l/d SCF and PRESS 

# 𝐹𝑙 𝑑⁄  Model Source 𝑭̅𝒍 𝒅⁄ =𝟐 𝑭̅𝒍 𝒅⁄ =𝟏.𝟓 PRESS  

1 
2

1.5 + 𝑑 𝑙⁄
 

The Concrete 
Society (1976) [64] 

0.995 0.921 3455  

2 
1

1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2
 Chung (1979) [65] 1.000 0.950 2079  

3 

1

1 + 0.8 ∗ (𝑑 𝑙⁄ ) (1 − 0.5 ∗ (
𝑙
𝑑⁄ ))

2

 

 
Chung (1989) [66] 1.000 0.966 1635  

4 1 ∗ 𝑍𝑙 𝑑⁄ =2 + 0.96 ∗ 𝑍𝑙 𝑑⁄ =1.5 CSA A23 [4] 1.000 0.960 1784  

5 
1 − {0.117 − 4.3 ∗ 10−4

∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

2
 

ACI 214-14 [3] 1.000 0.976 1469  

6 0.1385  ln(𝑙 𝑑⁄ ) + 0.9069 
Arioz et al. (2006) 
[67] 

1.000 0.962 1731  

7 
𝑓𝑙̅

𝑑⁄ =2

𝑓𝑙̅
𝑑⁄ =1.5

⁄  
Meininger  (1977) 
[62] 

1.000 0.995 1121  

8 1 − 627(2 − 𝑙
𝑑⁄ )

17.35
 

Bartlett and 
MacGregor (1994) 
[63] 

1.000 0.993 1449 R* 

9 
1 − 0.2437(2 − 𝑙 𝑑⁄ )

+ 0.0660(4 − (𝑙 𝑑⁄ )
2
) 

Bartlett and 
MacGregor (1994) 
[63] 

1.000 0.993 1369 R 

10 
1 − {−0.4776 + 8.349 ∗ 10−3

∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

0.2607
 

ACI 214-14 [3] 0.998 0.999 987 R 

11 
1 − {−1.5039 + 2.633 ∗ 10−2

∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

2
 

ACI 214-14 [3] 1.000 0.998 1052 R 

12 0.02323  ln(𝑙 𝑑⁄ ) + 0.9840 
Arioz et al. (2006) 
[67] 

1.000 0.962 1360 R 

Notes: * - Not significant at a 95% confidence level 

            R – Values regressed using R 

As shown in Table 5.2, 𝐹̅𝑙 𝑑⁄ =2 is approximately 1.0 for all the models, and the value of 𝐹̅𝑙 𝑑⁄ =1.5 varies 

from 0.921 to 0.999 depending on which model is chosen to represent 𝐹𝑙 𝑑⁄ . The best models overall were 

the regressed ACI 214 models, with the lowest PRESS values of 987 and 1052. The only difference 

between these two models is that the exponent was regressed in one case and left as 2 in the other case. 
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Both versions outperformed all other models tested, with the regressed exponent model having the best 

PRESS. The Meininger [62] model, which averages the values of the samples with a l/d ratio of 2 to the 

samples with a l/d ratio of 1.5, was better than all the models other than the ACI 214 models.  

The variability of the models representing 𝐹𝑙 𝑑⁄  can be found using the methodology found in Section 

5.1.2. The first order approximation of variability equations of each model is shown in Appendix C.1. The 

CoV associated with the model representing 𝐹𝑙 𝑑⁄  is summarized below in Table 5.3. The CoV of the 

input data is 5.00% for l/d ratio of 2, and 6.79% for l/d ratio of 1.5.  

Table 5.3: Summary of Variability of 𝑭𝒍 𝒅⁄  Models 

# 𝐹𝑙 𝑑⁄  Model Theoretical 𝑽𝒍 𝒅⁄  (%) 

at l/d=1.5 

True 𝑽𝒍 𝒅⁄  (%) 

at l/d=1.5 

1 
2

1.5 + 𝑑 𝑙⁄
 1.508 6.785 

2 
1

1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2
 0.256 6.850 

3 

1

1 + 0.8 ∗ (𝑑 𝑙⁄ ) (1 − 0.5 ∗ (
𝑙
𝑑⁄ ))

2

 

 
0.208 6.919 

4 1 ∗ 𝑍𝑙 𝑑⁄ =2 + 0.96 ∗ 𝑍𝑙 𝑑⁄ =1.5 0.036 6.883 

5 1 − {0.117 − 4.3 ∗ 10−4 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

2
 0.559 6.968 

6 0.1385  ln(𝑙 𝑑⁄ ) + 0.9069 0.063 6.904 

7 
𝑓𝑙̅

𝑑⁄ =2

𝑓𝑙̅
𝑑⁄ =1.5

⁄  0.012 6.985 

8 1 − 627(2 − 𝑙
𝑑⁄ )

17.35
 0.899 7.058 

9 1 − 0.2437(2 − 𝑙 𝑑⁄ ) + 0.0660(4 − (𝑙 𝑑⁄ )
2
) 4.642 7.051 

10 1 − {−0.4776 + 8.349 ∗ 10−3 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

0.2607
 0.594 7.111 

11 1 − {−1.5039 + 2.633 ∗ 10−2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

2
 0.916 7.036 

12 0.02323  ln(𝑙 𝑑⁄ ) + 0.9840 0.098 7.062 
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5.2.2.2 Discussion of results 

The best models in the previous section were the ACI 214 models, model #9 and #10, as well as the 

Meininger model, model #7, as they had the lowest PRESS values. In model #10, the ACI 214 model, the 

regressed exponent tended to approach zero, signifying the l/d ratio does not affect the l/d SCF, which is 

counterintuitive. Therefore, this model was disregarded. The next best model was the Meininger model, 

which averaged the values. However, this may not be viable, as a set of samples at l/d ratios of both 2 and 

1.5 would be required. To determine if the newly regressed ACI 214 model is different than the existing 

model, the confidence intervals on the coefficients of regression was completed, following Equation 

(5.10) above. The results are shown below in Table 5.4, with the model form shown below: 

1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 −
𝑙
𝑑⁄ )

2
 (5.11) 

Table 5.4: Results of Confidence Intervals on Coefficients of Regression of ACI 214 Model 

Coefficient Confidence Interval of Regressed Existing Value 

𝛽1 = −1.5086 −1.5600 ≤ 𝛽1 ≤ −1.4479 0.1300 

𝛽2 = −2.644 ∗ 10−2 −2.744 ∗ 10−2 ≤ 𝛽2 ≤ −2.522 ∗ 10−2 4.300 ∗ 10−4 

 

As can be seen above, the existing values of the ACI 214 fall outside the confidence interval of the 

newly regressed model, showing that the models are statistically different. The confidence interval on the 

SCF itself, 𝐹𝑙 𝑑⁄ , for an l/d ratio of 1.5 is: 0.978 ≤ 𝐹𝑙 𝑑⁄ ≤ 0.984, for 𝑓𝑐𝑜𝑟𝑒 = 60 𝑀𝑃𝑎. Therefore, the 

SCF of 0.96 for an l/d ratio of 1.5 from ASTM C42/C39 [2, 5] and CSA A23.1 [4] is not valid for this 

model.  

An interesting note from the models analyzed above is that averaging the strengths of cores with l/d 

ratio of 2 and of 1.5 produced results on par with the other models regressed, signified by the PRESS 

value, other than the ACI 214 model. If possible, testing on each concrete mixture and structure type 

could produce individualized factors for each situation that are more accurate than generalized SCFs. 

Figure 5.2 below shows the predicted compressive strengths using the ACI 214 model of the VC and CC 

versus the residual of the predicted sample and the standard, and an unconservative 5% error line, and 

Figure 5.3 shows this for Meininger’s Model. 
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Figure 5.2: CC and VC Predicted Day 28 Compressive Strength using ACI 214’s Model versus the 

Residual between the Predicted Sample Day 28 Compressive Strength and the Standard 

Considering l/d Ratio 

 

Figure 5.3: CC and VC Predicted Day 28 Compressive Strength using Meininger’s Model versus 

the Residual between the Predicted Sample Day 28 Compressive Strength and the Standard 

Considering l/d Ratio 
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For the ACI 214 Model, in total, 23 of the 245 samples were more than 5% errors on the 

unconservative side. Of those 23, 13 were in the CC-100-1.5 dataset, 2 in CC-75-2, 2 in CC-75-1.5, 3 in 

VC-100-2, 2 in VC-75-2, and 1 in VC-75-1.5.  As the datasets became more variable, i.e. smaller 

diameter or l/d ratio, the number of samples with larger errors increased. For the Meininger’s Model, 25 

of the 245 samples were more than 5% errors on the unconservative side. Of those 25, 3 were in the C-

100-1.5 dataset, 2 in CC-75-2, 6 in CC-75-1.5, 3 in VC-100-2, 4 in VC-100-1.5, 2 in VC-75-2, and 5 in 

VC-75-1.5. Again, as the datasets became more variable, the number of samples with larger errors 

increased. Meininger’s Model contains slightly more data points which are unconservative compared to 

ACI 214’s Model.  

5.2.3 Effect of Sample Diameter 

Samples with diameters of 100 mm and 75 mm were tested. CSA A23[4] requires that the diameter of a 

sample is at least three times the maximum aggregate size, with a 100 mm minimum diameter 

recommended. ASTM C42M [2] requires the minimum diameter to be the larger of 94 mm or two times 

the maximum aggregate size. ACI 214 [3] allows the use of cores with diameters as small as 50 mm, but 

recommends the use of 100 mm diameter. Only ACI 214 [3] contains a factor to adjust the strength of 

various diameters to 100 mm samples. This section will discuss how the diameter effect was analyzed, 

and present and discuss the results of the analysis.  

5.2.3.1 Data Analysis 

The dataset used for this analysis consisted of the VC and CC samples, which contains 122 cores and 123 

cylinders, respectively. These sample sets were utilized because the effect of the diameter can be isolated, 

as there were 100 mm and 75 mm diameter samples with the same l/d ratios. Both the l/d ratios of 2 and 

1.5 were included in these datasets. Other datasets which had 75 mm diameter samples included: G1, and 

G2. G1 had both 75 mm and 100 mm cores extracted. However, both samples had a length of 150 mm 

which resulted in differing l/d ratios for each diameter. Therefore, including the G1 dataset would require 

accounting for the l/d ratio effects as well. G2 had only 75 mm diameter samples with no 100 mm 

diameter counterparts for comparison. For these reasons, only the VC and CC datasets were selected. The 

CC and VC datasets include 245 samples, with roughly 30 samples in each diameter and l/d ratio 

combination. 

The diameter SCF has been modelled using two methods, shown in the equations below: 
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𝐹𝑑𝑖𝑎 = 1 + 𝑍𝑑𝑖𝑎βdia 
(5.12) 

𝐹𝑑𝑖𝑎 = 1 + 𝑍𝑑𝑖𝑎(𝑍𝑙 𝑑⁄ =2𝛽𝑙 𝑑⁄ =2 + 𝑍𝑙 𝑑⁄ =1.5𝛽𝑙 𝑑⁄ =1.5) (5.13) 

where 𝛽𝑑𝑖𝑎 , 𝛽𝑙 𝑑⁄ =2, 𝛽𝑙 𝑑⁄ =1.5 are coefficients determined by regression, and 𝑍𝑑𝑖𝑎 , 𝑍𝑙 𝑑⁄ =2, 𝑍𝑙 𝑑⁄ =1.5 are 

indicator variables: 𝑍𝑑𝑖𝑎 is 0 for 100mm diameter samples and 1 for 75mm diameter samples, 𝑍𝑙 𝑑⁄ =2 is 1 

for samples with an l/d ratio of 2, and 0 otherwise, and 𝑍𝑙 𝑑⁄ =1.5 is 1 for samples with an l/d ratio of 1.5, 

and 0 otherwise. Therefore, 𝐹𝑑𝑖𝑎 is 1 for 100mm diameter samples in both models and determined by 

regression for the 75mm diameter cores. In Equation (5.13), the factor will be dependent on the sample’s 

l/d ratio, while Equation (5.12) is not. Using R, the values of 𝛽 were found.  The variability associated 

with this factor can be calculated by Equation (5.14), using the first order approximation method. The 

second method, discussed in Section 5.1.2, was also used. A summary of the values is shown below in 

Table 5.5. 

𝑉𝑚𝑐 =
√𝑉𝑎𝑟[𝐹𝑑𝑖𝑎]

𝐸[𝐹𝑑𝑖𝑎]
=
√𝑍𝑑𝑖𝑎

2 𝑉𝑎𝑟[𝛽𝑑𝑖𝑎]

1 + 𝛽𝑑𝑖𝑎𝑍𝑑𝑖𝑎
  

𝑎𝑛𝑑 
√𝑍𝑑𝑖𝑎

2 (𝑍𝑙 𝑑⁄ =2
2 𝑉𝑎𝑟[𝛽𝑙 𝑑⁄ =2] + 𝑍𝑙 𝑑⁄ =1.5𝑉𝑎𝑟[𝛽𝑙 𝑑⁄ =1.5]

1 + 𝑍𝑑𝑖𝑎(𝑍𝑙 𝑑⁄ =2𝛽𝑙 𝑑⁄ =2 + 𝑍𝑙 𝑑⁄ =1.5𝛽𝑙 𝑑⁄ =1.5)
 

(5.14) 

Table 5.5: Summary of 𝑭𝒅𝒊𝒂 Regression 

Coefficient Value Standard Error P-value Value of 𝑭𝒅𝒊𝒂 PRESS 
Theoretical 

𝑽𝒅𝒊𝒂 (%) 

True 

𝑽𝒅𝒊𝒂 (%) 

𝛽𝑑𝑖𝑎 0.015 0.0000535 <2.22E-16 1.015 1147 0.005 8.497 

𝛽𝑙 𝑑⁄ =2 0.033 0.0001855 <2.22E-16 1.033 
1024 

0.018 
8.025 

𝛽𝑙 𝑑⁄ =1.5 -0.005 0.0009384 4.15E-6 0.995 0.094 

 

From the table above, the value of 𝛽 can be positive or negative, depending on the model and the l/d 

ratio. The first model checked, increases the strength of 75 mm diameter samples by 1.5% in order to be 

equivalent to a 100 mm diameter sample. Once the factor is dependent on the l/d ratio, it increases to 

1.033 for samples with an l/d ratio of 2 and decreases to 0.995 for samples with an l/d ratio of 1.5. This 

indicates that the 75 mm diameter samples with an l/d ratio of 1.5 have a higher compressive strength 

than the 100 mm diameter samples and needs to be reduced to become equivalent. This is the opposite as 

the first model and is due to the CC-sample set with an l/d ratio of 1.5, which had a higher compressive 
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strength in the smaller diameter, resulting in the negative value of 𝛽𝑙 𝑑⁄ =1.5. The second model has a lower 

PRESS which indicates a better fit. The true variability also indicates that the second model is less 

variable. The CoV only applies if the factor applies, i.e. the sample is not 100 mm diameter, otherwise 

𝑉𝑑𝑖𝑎 would be zero. The CoV of the input data for the first model is 6.10% for the 75 mm diameter 

samples, and 3.86% for the 100 mm diameter samples. The CoV of the data used for the second model is 

4.88% for 75 mm diameter, and 3.86% for 100 mm diameter samples at an l/d ratio of 2, and 6.85% for 

75 mm diameter, and 5.60 % for 100 mm diameter samples at an l/d ratio of 1.5. 

5.2.3.2 Discussion of Results 

Previous research has shown that smaller diameter samples are more susceptible to many factors [54], and 

especially more susceptible to the l/d ratio [49]. When the diameter model was separated to include the l/d 

parameter, the diameter effect was more pronounced. ACI 214 [3] includes a factor of 1.03 for equating 

75 mm diameter samples to 100 mm diameter samples, which means that 𝛽𝑑𝑖𝑎 = 0.03. To determine if 

the newly regressed diameter factor models are different than the existing model, the confidence intervals 

on the coefficients of regression was completed, following Equation (5.10) above. The results are shown 

below in Table 5.6. 

Table 5.6: Results of Confidence Intervals on Coefficients of Regression of Diameter Factor 

Coefficient Confidence Interval of Regressed Existing Value 

𝛽𝑑𝑖𝑎 = 0.0147 0.0145 ≤ 𝛽𝑑𝑖𝑎 ≤ 0.0148 

0.03 𝛽𝑙 𝑑⁄ =2 = 0.0329 0.0325 ≤ 𝛽𝑙 𝑑⁄ =2 ≤ 0.0333 

𝛽𝑙 𝑑⁄ =1.5 = −0.0045 −0.0067 ≤ 𝛽𝑙 𝑑⁄ =1.5 ≤ −0.0024 

 

As can be seen above, the existing values of the diameter factor fall outside the confidence interval of 

the newly regressed model; however, if the 𝛽𝑙 𝑑⁄ =2 was rounded, the value would be 0.03, which matches 

the existing value. Therefore, for samples with an l/d ratio of 2, the existing factor may be adequate. The 

approximate CoV of the existing factor is 5.9%, which is lower than the 8.0% CoV found in the previous 

section. Therefore, the existing model is still adequate with the new model. Figure 5.4 and Figure 5.5 

below show the predicted compressive strengths using both regressed models of the VC and CC versus 

the residual of the predicted sample and the standard, and an unconservative 5% error line. 
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Figure 5.4: CC and VC Predicted Day 28 Compressive Strength Using Model 1 versus the Residual 

between the Predicted Sample Day 28 Compressive Strength and the Standard Considering 

Diameter 

 

Figure 5.5: CC and VC Predicted Day 28 Compressive Strength using Model 2 versus the Residual 

between the Predicted Sample Day 28 Compressive Strength and the Standard Considering 

Diameter 
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In total, 8 of the 125 75 mm diameter samples were below the 5% error line in model 1, and 9 in model 

2. Model 2 had a lower PRESS compared to model 1, with approximately the same number of samples 

which were unconservative.  

5.2.4 Effect of Damage Caused by Coring 

In all the structures tested, cylinders and cores were both tested. As discussed previously, coring causes 

damage to the outer region of the core, which reduces the compressive strength. ACI 214 [3] includes a 

factor of 1.06 to compensate for damage caused by coring. This section discusses the coring damage by 

investigating the data collected to create a SCF due to the damage caused by coring. 

5.2.4.1 Data Analysis 

Even though both cylinders and cores were tested in each dataset, only the samples from the CC and VC 

datasets are utilized in this analysis. The cores from the VC structure and the cylinders from the CC 

dataset were nearly identical in all aspects: concrete mixture, curing conditionings, number of samples 

tested, diameter, and l/d ratio. The other datasets, while there are cylinders which could be used as the 

standard to compare the cores to, do not have the amount of isolation which the CC and VC datasets 

allow. This dataset contains 116 cores and 129 cylinders. These sample sets are roughly split into four 

groups of diameter 75 mm and 100 mm, and l/d ratio 1.5 and 2. The cylinders were set as the standard 

value, and the cores were multiplied by 𝐹𝑑𝑎𝑚, represented by three models given below: 

𝐹𝑑𝑎𝑚 = 1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒 
(5.15) 

𝐹𝑑𝑎𝑚 = 1 + (𝛽100@2𝑍100@2 + 𝛽100@1.5𝑍100@1.5 + 𝛽75@2𝑍75@2 + 𝛽75@1.5𝑍75@1.5)𝑍𝑐𝑜𝑟𝑒 
(5.16) 

𝐹𝑑𝑎𝑚 = 1 + (1 −
𝛽𝑑𝑎𝑚2
𝐷

)
−1

𝑍𝑐𝑜𝑟𝑒  (5.17) 

where 𝛽𝑖 are coefficients determined by regression and 𝑍𝑖 are indicator variables which are 1 when the 

condition is met, and 0 otherwise. For example, 𝑍75@2 is 1 when the sample is 75 mm diameter and has 

an l/d ratio of 2, and 0 otherwise. Note that in the standard case of a cylinder, the value of  𝐹𝑑𝑎𝑚 is 1 in 

each model, due to 𝑍𝑐𝑜𝑟𝑒. Using R, the values of 𝛽𝑖 were found.  The variability associated with these 

factors can be calculated by using the first order approximation method and is shown in Appendix C.2. 

The second method, discussed in Section 5.1.2, was also used. A summary of the values is shown in 

Table 5.7. 
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Table 5.7: Summary of 𝑭𝒅𝒂𝒎 Regression 

Coefficient Value 
Standard 

Error 
Diameter 

(mm) 
l/d 

Ratio 
Value of 
𝑭𝒅𝒂𝒎 

PRESS 
Theoretical 

𝑽𝒅𝒂𝒎 (%) 

True 

𝑽𝒅𝒂𝒎 
(%) 

𝛽𝑑𝑎𝑚1 0.111 0.0008561 N/A N/A 1.111 727 0.077 7.446 

𝛽100@2 0.114 0.0010709 100 2 1.114 

934 

0.096 

7.675 
𝛽100@1.5 0.130 0.0018643 100 1.5 1.130 0.165 

𝛽75@2 0.064 0.0010737 75 2 1.064 0.101 

𝛽75@1.5 0.149 0.0008740 75 1.5 1.149 0.076 

𝛽𝑑𝑎𝑚2 8.8775 0.0180119 
100 N/A 1.097 

599 
0.010 

7.742 
75 N/A 1.134 0.014 

 

In all the models, other than 𝛽75@2, results in factors nearly double the existing factor of 1.06. The 

difference between the theoretical and the true variability can also be seen. This CoV only applies if the 

factor applies, i.e. the sample is a core, otherwise 𝑉𝑑𝑎𝑚 would be zero. The CoV of the input data is 7.51 

% for the cores, and 7.73 % for the cylinders. 

5.2.4.2 Discussion of Results 

Previous research concludes that smaller diameter samples were exposed to more damage caused by 

coring due to the increased surface area to volume ratio in smaller samples [48, 65]. However, that was 

not the case in the above analysis, as the 𝛽75@2 was nearly half the value of 𝛽100@2. To determine if the 

values are statistically different than each other, in the case of model 2, and from the existing value, a 

95% confidence interval on the values was found following Equation (5.10). The results are shown in 

Table 5.8. 

From Table 5.8, the existing factor of 1.06 is only close to the value of 𝛽100@1.5,. Within each model, 

the factors are independent of each other as well, i.e. 𝛽75@2 and 𝛽75@1.5 are statistically different. With 

this data, the existing factor may not be adequate. The approximate CoV of the existing factor is 2.5%, 

which is lower than the 7.5-7.8% CoV found in the previous section. Figure 5.6 shows the predicted 

compressive strengths using only the last model of the VC and CC versus the residual of the predicted 

sample and the standard, and an unconservative 5% error line. In total, 12 of the 117 cores were below the 

5% error line, with 9 of those in the VC-100-1.5 dataset. 
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Table 5.8: Results of Confidence Intervals on Coefficients of Regression of Damage Factor 

Coefficient 
Confidence Interval of Regressed 

Coefficient 
Confidence Interval of Regressed 

𝑭𝒅𝒂𝒎 
Existing Value 

of 𝑭𝒅𝒂𝒎 

𝛽𝑑𝑎𝑚1 0.1095 ≤ 𝛽𝑑𝑎𝑚1 ≤ 0.1134 1.1095 ≤ 𝐹𝑑𝑎𝑚 ≤ 1.1134 

1.06 

𝛽100@2 0.1111 ≤ 𝛽100@2 ≤ 0.1159 1.1111 ≤ 𝐹𝑑𝑎𝑚 ≤ 1.1159 

𝛽100@1.5 0.0619 ≤ 𝛽100@1.5 ≤ 0.0668 1.0619 ≤ 𝐹𝑑𝑎𝑚 ≤ 1.0668 

𝛽75@2 0.1259 ≤ 𝛽75@2 ≤ 0.1344 1.1259 ≤ 𝐹𝑑𝑎𝑚 ≤ 1.1344 

𝛽75@1.5 0.1474 ≤ 𝛽75@1.5 ≤ 0.1514 1.1474 ≤ 𝐹𝑑𝑎𝑚 ≤ 1.1514 

𝛽𝑑𝑎𝑚2 8.8358 ≤ 𝛽𝑑𝑎𝑚2 ≤ 8.9176 
1.0969 ≤ 𝐹𝑑𝑎𝑚,100 ≤ 1.0979 
1.1335 ≤ 𝐹𝑑𝑎𝑚,75 ≤ 1.1349 

 

 

Figure 5.6: CC and VC Predicted Day 28 Compressive Strength Using Model 3 versus the Residual 

between the Predicted Sample Day 28 Compressive Strength and the Standard Considering 

Damage 

5.2.5 Combination of All Strength Correction Factors 

Now that all the factors have been found individually, they can all be applied to the whole dataset to 

determine wellness of fitness, which contains 443 samples. As some of the factors had multiple models 
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which were acceptable, all combinations of those models were checked to determine which resulted in the 

least squared errors. Figure 5.7 shows the predicted compressive strengths using only the best fit model of 

the all the datasets versus the residual of the predicted sample and the standard, and an unconservative 5% 

error line. 

 

Figure 5.7: All Predicted Day 28 Compressive Strength, using All SCFs, versus the Residual 

between the Predicted Sample Day 28 Compressive Strength and the Standard 

The model utilized in the above figure is shown below: 

𝑓𝑐,𝑠 = 𝐹𝑚𝑐𝐹𝑙 𝑑⁄ 𝐹𝑑𝑖𝑎𝐹𝑑𝑎𝑚𝑓𝑐,𝑛𝑠 (5.18) 

𝐹𝑚𝑐 = 1 + 𝛽𝑑𝑟𝑦𝑍𝑑𝑟𝑦 = 1 − 0.0234 ∗ 𝑍𝑑𝑟𝑦 (5.19) 

𝐹𝑙/𝑑 =
𝑓𝑙̅

𝑑⁄ =2

𝑓𝑙̅
𝑑⁄ =𝑠𝑎𝑚𝑝𝑙𝑒 𝑙 𝑑⁄

⁄  (5.20) 

𝐹𝑑𝑖𝑎 = 1 + 𝑍𝑑𝑖𝑎βdia = 1 + 0.0147 ∗ 𝑍𝑑𝑖𝑎 (5.21) 

𝐹𝑑𝑎𝑚 = 1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒 = 1 + 0.1111 ∗ 𝑍𝑐𝑜𝑟𝑒  (5.22) 

where each model has been discussed in their own respective sections. In total, 55 of the 443 data points 

were below the 5% unconservative line. A more detailed breakdown of these unconservative values is 

shown in Table 5.9. 
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Table 5.9: Combined SCF Model Unconservative Values Summary 

Dataset Total Number of Samples Unconservative Samples 

MH 22 12 55% 

B1 39 0 0% 

B2 41 2 5% 

G1 36 6 17% 

G2 17 3 18% 

G3 31 8 26% 

VC 129 7 5% 

CC 128 17 13% 

Total 443 55 12% 

 

 As can be seen in the above table, the MH and G3 datasets have a large portion of their samples as 

unconservative samples. Even considering these unconservative datasets, the overall unconservative 

samples is 12% of the total number of samples. With the MH and G3 datasets removed, the overall 

number drops to 40 unconservative samples of 404 total samples, consisting of 10%.  

5.3 Equivalent Variability of Samples 

Conventionally, cores for compressive strength testing are extracted in sets of three. These three cores are 

typically of standard parameters: 100 mm diameter, l/d ratio of 2, and conditioned using standard 

procedure. However, there are times when these parameters are not possible to achieve, for example in 

areas of heavily congested rebar. The SCFs discussed above equate the non-standard sample to a standard 

sample, with the variation associated with each factor. However, the number of cores generally remains at 

three when the variability of the cores increases, which is often inappropriate. One method to determine 

the required number of samples when the variability of the data changes is to maintain the confidence 

interval (CI) of the baseline data. For example, if three standard cores have an average compressive 

strength of 𝜇 ± 𝜀, then this CI of ±𝜀 should be maintained by increasing the number of samples in order 

to reach this CI.  

Since the compressive strength of a concrete sample is a normally distributed random variable, the 

average of multiple samples is also a normally distributed random variable, with a mean 𝑋̅ and variance 

𝑠2 𝑛⁄  [86, p. 275]. The CI of the mean is: 
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𝑋̅ − 𝑡𝛼 2⁄ ,𝑛−1 ∗
𝑠

√𝑛
≤ 𝜇 ≤ 𝑋̅ + 𝑡𝛼 2⁄ ,𝑛−1 ∗

𝑠

√𝑛
 (5.23) 

where 𝑡𝛼 2⁄ ,𝑛−1 is the value of the student’s distribution at a significance level of 𝛼 2⁄  and degrees of 

freedom 𝑛 − 1, and 𝜇 is the population mean compressive strength. Equation (5.23) can be simplified by 

dividing by 𝑋̅: 

𝜇

𝑋̅
= 1 ± 𝑡𝛼 2⁄ ,𝑛−1 ∗

𝑠 𝑋̅⁄

√𝑛
 (5.24) 

The term 𝑠 𝑋̅⁄  is the CoV of the sample data. As the number of samples, 𝑛, increases, the CI shrinks 

through the 1 √𝑛⁄  and the 𝑡𝛼 2⁄ ,𝑛−1 terms. Using this equation, the required number of non-standard 

samples can be determined by finding the minimum number of samples to achieve an equal or lower CI to 

three standard samples. With an initial 𝐶𝑜𝑉 = 6.1%, the baseline CI, for the average compressive 

strength of three standard cores, can be calculated as 𝜇 ± 15.15%. The 𝐶𝑜𝑉 = 6.1% was chosen for this 

calculation as that is the average CoV of all the datasets tested, weighted towards the number of samples 

tested. Table 5.10 shows the number of non-standard samples required to have an equivalent CI as the 

three standard cores’ CI for various levels of CoV. 

Table 5.10: Equivalent Number of Non-Standard Samples to Standard Samples to Maintain the 

Confidence Interval on the Average Compressive Strength for Various CoVs 

CoV 

Saturated Dry 

100 mm Diameter 75 mm Diameter 100 mm Diameter 75 mm Diameter 

l/d=2 l/d=1.5 l/d=2 l/d=1.5 l/d=2 l/d=1.5 l/d=2 l/d=1.5 

5.0% 3 5 5 7 7 9 9 10 

6.1% 3 4 5 6 6 7 7 8 

10.0% 3 4 4 4 5 5 5 5 

15.0% 3 4 4 4 4 4 4 4 

 

As the CoV increases, the number of samples required to have an equivalent CI decrease. The reason 

for this is the baseline CI with an increased CoV is large, and thus, the number of samples required to 

have an equivalent CI is less than would be required for a smaller CI that would be present for the lower 

CoVs. For example, the CI of three standard cores at a CoV of 5% is ± 12.42%, whereas the CI at a CoV 

of 15% is ±37.26%. As such, the number of samples required to maintain the CI of ±12.42% is much 

higher than the number of samples required to maintain the CI of ±37.26%. In practicality, extracting a 

large number of cores is not possible. Therefore, for lower CoV data, conditioning cores in a dry 
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condition would not be recommended due to the number of cores required to maintain the confidence 

interval of the standard core. 

Current codes, such as CSA A23.1 [4] and ACI 214 [3], dictate three standard cores are to be tested 

when the cylinder tests do not meet the required 𝑓𝑐
′. The average compressive strength of these cores is 

required to be at least 0.85𝑓𝑐
′ with no samples below 0.75𝑓𝑐

′ [3, 4]. This standard requirement can be 

utilized to find an equivalent requirement for a larger number of non-standard cores. Bartlett and Lawler 

[87] investigated this statistical relation and proposed to modify these requirements, but keep the 

probability of failure equal to that of the current standards’ requirements. The following process explains 

how the requirements can be modified. 

As stated before, the core compressive strength results can be assumed to be independent and normally 

distributed. Thus, the probability of a compressive strength lower than 0.75𝑓𝑐
′ can be found using the 

cumulative distribution function, Φ, for the normal distribution: 

Φ(𝑥) = ∫
1

√2𝑥𝜎
𝑒
−(
(𝑥−𝜇)2

2𝜎2
)
𝑑𝑥

𝑥

−∞

 (5.25) 

where 𝑥 is the compressive strength in question, 0.75𝑓𝑐
′ in this case, 𝜇 is the mean of the core samples’ 

compressive strength, 𝜎 is the standard deviation of the core samples’ compressive strength, all 

normalized to 𝑓𝑐
′. The probability that a core has a compressive strength below 0.75𝑓𝑐

′ is then 

Φ(𝑥 = 0.75𝑓𝑐
′), which will be called 𝑃<0.75𝑓𝑐′. The probability that the sample compressive strength is 

greater than 0.75𝑓𝑐
′ is then (1 − 𝑃<0.75𝑓𝑐′), and (1 − 𝑃<0.75𝑓𝑐′)

𝑛
 for 𝑛 cores having a compressive 

strength greater than 0.75𝑓𝑐
′. As can been seen, as the number of samples increases, the probability of all 

samples exceeding 0.75𝑓𝑐
′ decreases.  

Bartlett and Lawler [87] suggested a different requirement for sample sets of more than three cores to 

have the same probability of failure as a sample set of three cores. This method was to decrease the 

0.75𝑓𝑐
′ limit based on the number of samples to a new limit, 𝑘𝑓𝑐

′, where 𝑘 is determined for the 

probabilities of failure to be equal: 

1 − (1 − 𝑃<𝑘𝑓𝑐′)
𝑛
= 1 − (1 − P<0.75𝑓𝑐′)

3
 (5.26) 

This method can be calculated when needed to determine the new failure requirement, 𝑘𝑓𝑐
′, for any 

number of samples. Equation (5.26) can be rearranged to find the probability of the equivalent failure 

limit, 𝑘𝑓𝑐
′, occurring:  
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𝑃<𝑘𝑓𝑐′ = 1 − (1 − P<0.75𝑓𝑐′)
3 𝑛⁄

 (5.27) 

With this equivalent probability, the new minimum strength limit can be found using the inverse 

cumulative distribution function for the normal distribution, which is the inverse of Equation (5.25) where 

the probability is known, 𝑃<𝑘𝑓𝑐′, and 𝑥 = 𝑘 is unknown. For example, with 𝜇 𝑓𝑐
′⁄ = 0.85, which is the 

mean compressive strength of the samples normalized to 𝑓𝑐
′, and 𝑉 = 6.1%, the probability P<0.75𝑓𝑐′ is 

2.68%. From Table 5.10, five saturated 75 mm diameter cores with an l/d ratio of 2 are required to have 

the same confidence interval as three standard cores. The probability of failure, P<𝑘𝑓𝑐′ , for those five cores 

is then 1.62%. Using the inverse normal distribution with 𝜇 𝑓𝑐
′⁄ = 0.85 and 𝑉 = 6.1%, 𝑘 = 0.663; 

therefore, the new limit for this case would be 0.66𝑓𝑐
′. For other non-standard configurations, the 

corresponding limit to the number of sample required, stated in Table 5.10, is shown in Table 5.11. 

Table 5.11: Number of Samples and New Limit 𝒌, where 𝒌𝒇𝒄
′  is the Minimum Strength Required 

for an Equivalent Confidence Interval on Average Compressive Strength and Failure Probability 

as Three Standard Cores, for Various 𝝁 𝒇𝒄
′⁄  and 𝑽 

𝝁

𝒇𝒄
′  

𝑽 

(%) 

Saturated Dry 

100 mm Diameter 75 mm Diameter 100 mm Diameter 75 mm Diameter 

l/d=2 l/d=1.5 l/d=2 l/d=1.5 l/d=2 l/d=1.5 l/d=2 l/d=1.5 

0.85 

5.0 3-0.75 5-0.66 5-0.64 7-0.58 7-0.55 9-0.50 9-0.49 10-0.45 

6.1 3-0.75 4-0.69 5-0.66 6-0.62 6-0.59 7-0.55 7-0.54 8-0.50 

10.0 3-0.75 4-0.71 4-0.70 4-0.68 5-0.65 5-0.64 5-0.63 5-0.61 

15.0 3-0.75 4-0.71 4-0.71 4-0.70 4-0.69 4-0.68 4-0.68 4-0.67 

0.90 

5.0 3-0.75 5-0.63 5-0.60 7-0.52 7-0.47 9-0.41 9-0.39 10-0.34 

6.1 3-0.75 4-0.66 5-0.63 6-0.57 6-0.53 7-0.48 7-0.47 8-0.42 

10.0 3-0.75 4-0.70 4-0.69 4-0.66 5-0.63 5-0.60 5-0.59 5-0.57 

15.0 3-0.75 4-0.71 4-0.70 4-0.69 4-0.68 4-0.66 4-0.66 4-0.65 

 

In Table 5.11, the damage factor is not considered as the cores are being equated to a standard 100 mm 

diameter, l/d=2, saturated core and not to a cylinder. The value of 𝜇 𝑓𝑐
′⁄  does not change as the SCFs are 

designed to equate a non-standard sample’s compressive strength to a standard sample’s compressive 

strength, thus the 𝜇/𝑓𝑐
′ stays the same, at the expense of increased variability. The initial 𝑉 = 6.1%, but 

when parameters are changed to non-standard parameters, that CoV increases due to the addition of the 

SCFs. An interesting note is that the 100 mm diameter, l/d=1.5 samples have a lower variability than the 

75 mm diameter, l/d=2 samples, indicated by the higher 𝑘 factor of the 100 mm diameter, l/d=1.5 
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samples. The variabilities of these sample sets are 10.63% and 11.49% respectively. As the initial 𝑉 

increases, the 𝑘 factor for non-standard equivalences increases, as the increased variability associated 

with the SCFs has less impact if the input data is more variable. Similarly, as the initial 𝜇 𝑓𝑐
′⁄  increases, 

the 𝑘 factor decreases as the probability P<0.75𝑓𝑐′ decreases for the standard sample. When this probability 

decreases, the increased variability for the non-standard samples results in lower 𝑘 factors to match this 

lowered P<0.75𝑓𝑐′. 

Table 5.10 and Table 5.11 above were developed using statistical methods to demonstrate that 

increased variability of samples has implications on the number of samples required for equivalence. In 

practicality, large number of cores cannot be feasibly extracted. The reduced limit 𝑘 for CSA A23.1 [4] 

and ACI 214 [3] requirements are also derived from statistical methods, and intended to demonstrate that 

these code requirements become harsher with larger variation in data caused by non-standard parameters. 

However, it is not practical in some of the cases. For instance, reducing the limit 𝑘 to 0.34 is not 

recommended, and the discretion of the overseeing engineer is required to determine what 𝑘 limit is 

acceptable in practical use.    
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Summary, Conclusions, and Future Work  

This thesis discussed the extraction and testing of concrete core samples from various elements 

constructed in the University of Waterloo laboratory and pre-cast manufacturing facilities. In total, 8 sets 

of concrete samples were created and tested, totaling 884 concrete samples, of which 713 underwent 

compression testing. Other tests included the bulk resistivity, rapid chloride permeability (RCP), and air 

void systems. These tests were not discussed in this thesis but were discussed elsewhere [1]. The purpose 

of the compression tests was to determine how the parameters of the core compressive test affected the 

result of the test, and how appropriate the current practices outlined in standards and codes to modern 

concrete mixtures. These parameters are the time, location, and direction of core extraction, the 

conditioning of the core between extraction and testing, the diameter, and the length-to-diameter (l/d) 

ratio of the core. The following summary and conclusions of the data presented previously are statistically 

valid at a 95% confidence level. 

6.1 Summary 

• The timing of core extraction had no effect on the result of the day 28 compressive strength test. 

• The direction of coring (i.e. perpendicular or parallel to the direction of concrete casting) had 

little to no effect on the compressive strength test due to the reduced bleed water in the concrete 

mixture caused by the inclusion of SCMs in the concrete mixture. 

• The height along a structure from which a core is extracted had no effect on the compressive 

strength of the core given that the structure is reasonably well constructed and contains SCMs 

which reduce the amount of bleed water, such as the concrete mixtures utilized in the structures 

tested. 

• The length along a structure from which a core is extracted had no effect on the compressive 

strength of the core. 

• Cores immersed in saturated calcium hydroxide between extraction and testing had a lower 

compressive strength, by 2.3%, than cores sealed in plastic.   Also, the cores sealed in plastic 

were twice as variable with a CoV of 9.31% compared to the immersed cores which had a CoV of 

4.73%. 
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• The smaller diameter samples (75 mm) exhibited a higher compressive strength, by 1.5% on 

average, and 25% higher variability than samples with a diameter of 100 mm.  

• The compressive strengths of concrete samples with an l/d ratio of 1.5 were found to be slightly 

lower (0.5%) and 40-45% more variable than those with an l/d ratio of 2. 

• The longer the concrete experienced low temperatures before day 28, the lower its compressive 

strength. 

• The slight variations in density of a concrete sample had no effect on the compressive strength, 

given that the structure was reasonably well constructed and of normal density.  

6.2 Conclusions 

• The conditioning state of immersing the concrete sample in a saturated calcium hydroxide 

solution produced compressive strength results with lower variability than sealing the samples in 

plastic. This soaked conditioning state reduced the compressive strength of the sample by 

approximately 2.3%, which is drastically less than the 8.3% suggested by ACI 214 [3]. This 

immersed method of conditioning is preferable over the sealed in plastic method which is 

recommended by ASTM C42 [2]. 

• The current models for calculating the l/d ratio strength correction factor (SCF) utilized by ACI 

214 [3], ASTM C42 [2] and C39 [5], and CSA A23.1 [4] were found to be inadequate for the data 

presented. The model presented by Meininger [62], which consists of averaging the compressive 

strengths of samples with the standard l/d ratio of 2 to the compressive strengths of samples with 

a non-standard l/d ratio produced the best results (i.e. 𝐹𝑙 𝑑⁄ = 𝑓𝑐,𝑙 𝑑⁄ =2 𝑓𝑐,𝑙 𝑑⁄ ≠2⁄ ). Therefore, 

calculating a SCF for each type of concrete utilized would produce the most accurate results.  

• The 75 mm diameter samples had a more variable and higher compressive strength compared to 

the 100 mm diameter samples. The SCF found in ACI 214 [3] for equating the compressive 

strength of a 75 mm sample and a 100 mm diameter sample was found to be adequate. The 

additional CoV suggested by ACI 214 [3] caused by the use of the factor was found to be high at 

8.0% compared to the 5.9% found with the data presented. However, a higher CoV would allow 

for a more conservative estimate. Therefore, the existing model was found to be adequate. 

• The compressive strength reduction caused by the damage of coring was found to be much 

greater than estimated in ACI 214 [3]. ACI 214 [3] suggests a SCF of 1.06 to compensate for the 
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damage caused by coring, while the data presented utilized a factor of 1.10 for cores with a 

diameter of 100 mm and 1.13 for cores with a diameter of 75 mm. 

• With consideration of all the factors discussed above, cores with a diameter of 100 mm and l/d 

ratio of 1.5 have a lower variability than cores with a diameter of 75 mm and l/d ratio of 2. As 

stated above, cores immersed in a saturated calcium hydroxide solution are less variable than 

cores sealed in plastic.  

• To ensure equivalent variability in sets of samples, additional cores should be extracted, 

depending on the CoV of the sample data, and the non-standard parameters. For example, with a 

CoV of 6.1%, four saturated cores with a 100 mm diameter and an l/d ratio of 1.5 or five 

saturated cores with a 75 mm diameter and an l/d ratio of 2 would be required to be equivalent to 

three standard cores. 

• To ensure the same probability of passing quality assurance testing, where the average 

compressive strength of three cores must be at least 0.85𝑓𝑐
′ with no single value below 0.75𝑓𝑐

′, 

the limits may be changed to accommodate the increased variability associated with non-standard 

parameters on the core. For instance, with a CoV of 6.1%, five 75 mm diameter cores with an l/d 

ratio of 2 having no single value below 0.66𝑓𝑐
′ would be equivalent to the current three 100 mm 

diameter cores with an l/d ratio of 2 having no single value below 0.75𝑓𝑐
′. 

6.3 Recommendations for Future Work 

Recommendations for future work include expanding the tests and analysis completed in this thesis to 

more types of structures and concrete mixtures to generate more comprehensive models. Including data 

from previous research conducted on modern concrete mixtures to increase the sample size would be 

beneficial in generating these models. Lastly, a more thoroughly planned experimental design could yield 

more statistically valid results by increasing the number of samples tested and isolating the parameters of 

interest.   
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Appendix A - Concrete Mixtures 

Table A.1: Detailed Concrete Mixture for Beam B1 

Material Quantity (per m3 of concrete) 

Type 10 Cement (GU) 262 kg 

Slag 90 kg 

Water 145 kg 

w/cm ratio 0.41 

Large Aggregate (19 mm) 1170 kg 

Fine Aggregate 675 kg 

Air Entraining Agent 45 mL 

High Range Water Reducer 325 mL 

 

Table A.2: Detailed Concrete Mixture for Girder Web G1 

Material Quantity (per m3 of concrete) 

Type 10 Cement (GU) 480 kg 

Slag 120 kg 

Water 163 kg 

w/cm ratio 0.27 

Large Aggregate (13 mm) 845 kg 

Fine Aggregate 756 kg 

Air Entraining Agent 600 mL 

High Range Water Reducer 3000 mL 
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Table A.3: Detailed Concrete Mixture for Manhole Risers MH 

Material 
Quantity (per m3 of concrete) 

MH1 MH2 MH3 MH4 MH5 MH6 MH7 

Type 10 Cement (GU) 304 kg 285 kg 292 kg 291 kg 290 kg 299 kg 284 kg 

Slag 161 kg 157 kg 152 kg 157 kg 154 kg 157 kg 153 kg 

Water 106 L 95 L 98 L 109 L 98 L 92 L 89 L 

w/cm 0.23 0.22 0.22 0.24 0.22 0.20 0.21 

Large Aggregate (13 mm) 1160 kg 1171 kg 1170 kg 1179 kg 1178 kg 1155 kg 1151 kg 

Fine Aggregate 1603 kg 1618 kg 1616 kg 1629 kg 1628 kg 1663 kg 1657 kg 

High Range Water Reducer 1500 mL 

Mix Temp. (°C) 17.0 13.0 13.5 10.0 14.5 15.0 21.0 

 

Table A.4: Detailed Concrete Mixture for Girder Web G2 

Material Quantity (per m3 of concrete) 

Type 30 Cement (HE) 470 kg 

Slag 157 kg 

Water 194 kg 

w/cm ratio 0.32 

Large Aggregate (13 mm) 919 kg 

Fine Aggregate 606 kg 

Air Entraining Agent 1500 mL 

High Range Water Reducer 3700 mL 
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Table A.5: Detailed Concrete Mixture for Girder Section G3 

Material Quantity (per m3 of concrete) 

Type 10 Cement (GU) 350 kg 

Silica Fume 34 kg 

Fly Ash 91 kg 

Water 110 kg 

w/cm ratio 0.29 

Large Aggregate (14 mm) 918 kg 

Fine Aggregate 795 kg 

Air Entraining Agent 100 mL 

High Range Water Reducer 4150 mL 

 

Table A.6: Detailed Concrete Mixture for VC and CC 

Material Quantity (per m3 of concrete) 

Type 30 Cement (HE) 360 kg 

Slag 120 kg 

Water 170 kg 

w/cm ratio 0.36 

Large Aggregate (19 mm) 787 kg 

Fine Aggregate 866 kg 

Air Entraining Agent 930 mL 

High Range Water Reducer 3120 mL 
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Appendix B - Additional Compressive Strength Results 

B.1 Core Results: Timing of Core Extraction 

 

Figure B.1: Compressive Strength of Girder G1 Cores Extracted on Various Days, Tested on Day 

28 from both Top and Bottom Locations, and in 100 mm and 75 mm Diameter. Day 28 Extracted 

Cores were in the Dry Condition, While Others were Saturated 

 

Figure B.2: Compressive Strength of Girder G2 Cores Extracted on Various Days, Tested on Day 

28 from Top, Middle, and Bottom Locations. Day 28 Extracted Cores were in the Dry Condition, 

Day 3 were Saturated 
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Figure B.3: Compressive Strength of Girder G3 Cores Extracted on Various Days, Tested on Day 

28 from Top Flange, Middle Web, and Bottom Flange Locations. Day 28 Extracted Cores were in 

the Dry Condition, Day 3 were Moist 

 

Figure B.4: Compressive Strength of Valve Chamber VC Cores Extracted on Various Days, Tested 

on Day 28 from. Day 28 Extracted Cores were in the Dry Condition, While Others were Saturated 
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B.2  All Results: Density 

 

Figure B.5: Day 28 Compressive Strength of Beam B2 Samples versus Sample Density 

 

Figure B.6: Day 28 Compressive Strength of Girder G1 Samples versus Sample Density  
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Figure B.7: Day 28 Compressive Strength of Girder G2 Samples versus Sample Density 

 

Figure B.8: Day 28 Compressive Strength of Girder G3 Samples versus Sample Density 
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Figure B.9: Day 28 Compressive Strength of MH Samples versus Sample Density 

 

Figure B.10: Day 28 Compressive Strength of VC Samples versus Sample Density 

y = -0.0154x + 93.92
R² = 0.0015

0

10

20

30

40

50

60

70

80

90

100

2250 2300 2350 2400 2450 2500 2550

D
ay

 2
8

 C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 (M

P
a)

Sample Density (kg/m3)

y = 0.0819x - 138.37
R² = 0.0719

0

10

20

30

40

50

60

70

80

90

100

2250 2300 2350 2400 2450 2500 2550

D
ay

 2
8

 C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 (M

P
a)

Sample Density (kg/m3)



Appendix B - Additional Compressive Strength Results 

112 

 

Figure B.11: Day 28 Compressive Strength of CC Samples versus Sample Density 

B.3 Temperature Monitoring 

 

Figure B.12: Temperature Monitoring of Beam B2 over 28 Days 
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Figure B.13: Temperature Monitoring of Beam B2 over 7 Days, Including Cylinders 

 

Figure B.14: Temperature Monitoring of Girder G1 at Multiple Locations over 28 Days 
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Figure B.15: Temperature Monitoring of Girder G1 at Multiple Locations over 3 Days 

 

Figure B.16: Temperature Monitoring of Girder G2 at Multiple Locations over 28 Days 
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Figure B.17: Temperature Monitoring of Girder G2 at Multiple Locations over 7 Days 

 

Figure B.18: Temperature Monitoring of Girder G3 at Multiple Locations over 11 Days 
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Figure B.19: Temperature Monitoring of Girder G3 at Multiple Locations over 3 Days 

 

Figure B.20: Temperature Monitoring of VC on Big Wall at Multiple Locations over 28 Days 
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Figure B.21: Temperature Monitoring of VC on Big Wall at Multiple Locations over 3 Days 

 

Figure B.22: Temperature Monitoring of VC on Small Wall at Multiple Locations over 28 Days 
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Figure B.23: Temperature Monitoring of VC on Small Wall at Multiple Locations over 3 Days 

 

Figure B.24: Temperature Monitoring of Multiple CC Cylinders over 28 Days 
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Figure B.25: Temperature Monitoring of Multiple CC Cylinders over 3 Days 

 

 

Figure B.26: Ambient Temperature of MH for the Duration Samples Were Outdoors (Obtained 

from Government of Canada [88]) 
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Appendix C - Variability of Factors 

C.1 Length-to-Diameter Factor Variability Equations 

This section includes the variability equations for the models of 𝐹𝑙/𝑑, which are derived by the first order 

approximation method, as shown by the following: 

 𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[𝐹𝑙 𝑑⁄ ]

𝐸[𝐹𝑙 𝑑⁄ ]
=

√∑
𝜕𝐹𝑙 𝑑⁄
𝜕𝛽𝑖

𝑛
𝑖=1 𝑉𝑎𝑟[𝛽𝑖]

𝐹𝑙 𝑑⁄
 (C.1.1) 

Model 
1 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟 [

2
1.5 + 𝑑 𝑙⁄

]

𝐸 [
2

1.5 + 𝑑 𝑙⁄
]

 

=

√(
1

1.5 + 𝑑 𝑙⁄
)
2

𝑉𝑎𝑟[2] + (−
2

(1.5 + 𝑑 𝑙⁄ )2
)
2

𝑉𝑎𝑟[1.5]

2
1.5 + 𝑑 𝑙⁄

 

=
1.568% | 𝑙 𝑑⁄ =  2

  1.508% | 𝑙 𝑑⁄ =  1.5
 

(C.1.2) 

Model 
2 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟 [

1
1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2

]

𝐸 [
1

1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2
]

 

=

√
(

−(1 − 0.5 ∗ 𝑙 𝑑⁄ )2

(1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2)2
)
2

𝑉𝑎𝑟[0.8] +

(
2 ∗ 0.8 ∗ l d ∗ (1 − 0.5 ∗ 𝑙 𝑑⁄ )⁄
(1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2)2

)
2

𝑉𝑎𝑟[0.5]

1
1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2

 

=
0% | 𝑙 𝑑⁄ =  2

  0.256% | 𝑙 𝑑⁄ =  1.5
 

(C.1.3) 
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Model 
3 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟 [

1
1 + 0.8(𝑑 𝑙⁄ )(1 − 0.5 ∗ 𝑙 𝑑⁄ )2

]

𝐸 [
1

1 + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2
]

 

= √
  
  
  
  
 

(
− 𝑙 𝑑⁄ (1 − 0.5 ∗ 𝑙 𝑑⁄ )2

(𝑙 𝑑⁄ + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2)2
)
2

𝑉𝑎𝑟[0.8] +

(
2 ∗ 0.8 ∗ (𝑙 𝑑⁄ )2 ∗ ((1 − 0.5 ∗ 𝑙 𝑑⁄ ))
(𝑙 𝑑⁄ + 0.8(1 − 0.5 ∗ 𝑙 𝑑⁄ )2)2

)

2

𝑉𝑎𝑟[0.5]

1
1 + 0.8(𝑙 𝑑⁄ )(1 − 0.5 ∗ 𝑙 𝑑⁄ )2

 

=
0% | 𝑙 𝑑⁄ =  2

 0.208% | 𝑙 𝑑⁄ =  1.5
 

(C.1.4) 

Model 
4 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 ∗ 𝑍𝑙 𝑑⁄ =2 + 0.96 ∗ 𝑍𝑙 𝑑⁄ =1.5]

𝐸[1 ∗ 𝑍𝑙 𝑑⁄ =2 + 0.96 ∗ 𝑍𝑙 𝑑⁄ =1.5]
 

=
√𝑍𝑙 𝑑⁄ =2

2 𝑉𝑎𝑟[1] + 𝑍𝑙 𝑑⁄ =1.5
2 𝑉𝑎𝑟[0.96]

1 ∗ 𝑍𝑙 𝑑⁄ =2 + 0.96 ∗ 𝑍𝑙 𝑑⁄ =1.5
 

=
0.009% | 𝑙 𝑑⁄ =  2

  0.036% | 𝑙 𝑑⁄ =  1.5
 

(C.1.5) 

Model 
5 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 − {0.117 − 4.3 ∗ 10−4 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]

𝐸[1 − {0.117 − 4.3 ∗ 10−4 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]
 

=

√

(−(2 − 𝑙 𝑑⁄ )2)2𝑉𝑎𝑟[0.117] + (𝑓𝑐𝑜𝑟𝑒(2 − 𝑙 𝑑⁄ )2)2𝑉𝑎𝑟[4.3 ∗ 10−4] +

(− ln(2 − 𝑙 𝑑⁄ ) (0.117 − 4.3 ∗ 10−4𝑓𝑐𝑜𝑟𝑒) (2 −
𝑙
𝑑
)
2

)

2

𝑉𝑎𝑟[2]

𝐸[1 − {0.117 − 4.3 ∗ 10−4 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]
 

fcore = 55 MPa 

=
0% | 𝑙 𝑑⁄ =  2

  0.559% | 𝑙 𝑑⁄ =  1.5
 

(C.1.6) 

Model 
6 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[0.1385 ln(𝑙 𝑑⁄ ) + 0.9069]

𝐸[0.1385 ln(𝑙 𝑑⁄ ) + 0.9069]
 

=
√ln(𝑙 𝑑⁄ )2 ∗ 𝑉𝑎𝑟[0.1385] + 𝑉𝑎𝑟[0.9069]

0.1385 ln(𝑙 𝑑⁄ ) + 0.9069
 

=
0.076% | 𝑙 𝑑⁄ =  2

  0.063% | 𝑙 𝑑⁄ =  1.5
 

(C.1.7) 
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Model 
7 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟 [𝑓𝑙̅

𝑑⁄ =2 𝑓𝑙̅
𝑑⁄ =1.5⁄ ]

𝐸 [𝑓𝑙̅
𝑑⁄ =2 𝑓𝑙̅

𝑑⁄ =1.5⁄ ]
 

=
√𝑉𝑎𝑟 [𝑓𝑙̅

𝑑⁄ =2 𝑓𝑙̅
𝑑⁄ =1.5⁄ ]

𝑓𝑙̅
𝑑⁄ =2 𝑓𝑙̅

𝑑⁄ =1.5⁄
 

=
0.012% | 𝑙 𝑑⁄ =  2

  0.012% | 𝑙 𝑑⁄ =  1.5
 

(C.1.8) 

Model 
8 

𝑉𝑙 𝑑⁄ =

√𝑉𝑎𝑟 [1 − β1(2 −
𝑙
𝑑⁄ )

𝛽2
]

𝐸 [1 − β1(2 −
𝑙
𝑑⁄ )

𝛽2
]

 

=

√(−(2 −
𝑙
𝑑
)
𝛽2

)

2

𝑉𝑎𝑟[𝛽1] + ((−𝛽1 ln(2 − 𝑙 𝑑⁄ ) ∗ (2 − 𝑙 𝑑⁄ )𝛽2)2𝑉𝑎𝑟[𝛽2]

1 − β1(2 −
𝑙
𝑑⁄ )

𝛽2
 

β1 = 626.91 

β2 = 17.349 

=
0% | 𝑙 𝑑⁄ =  2

  0.899% | 𝑙 𝑑⁄ =  1.5
 

(C.1.9) 

Model 
9 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 + β1(2 − 𝑙 𝑑⁄ ) + 𝛽2(4 − (𝑙 𝑑⁄ )2)]

𝐸[1 + β1(2 − 𝑙 𝑑⁄ ) + 𝛽2(4 − (𝑙 𝑑⁄ )2)]
 

=
√(2 − 𝑙 𝑑⁄ )2𝑉𝑎𝑟[𝛽1] + (4 − (𝑙 𝑑⁄ )2)2𝑉𝑎𝑟[𝛽2]

1 + β1(2 − 𝑙 𝑑⁄ ) + 𝛽2(4 − (𝑙 𝑑⁄ )2)
 

β1 = −0.2437 

β2 = 0.0660 

=
0% | 𝑙 𝑑⁄ =  2

 4.642% | 𝑙 𝑑⁄ =  1.5
 

(C.1.10) 
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Model 
10 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )𝛽3]

𝐸[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )𝛽3]
 

=

√

(−(2 − 𝑙 𝑑⁄ )𝛽3)2𝑉𝑎𝑟[𝛽1] + (𝑓𝑐𝑜𝑟𝑒(2 − 𝑙 𝑑⁄ )𝛽3)2𝑉𝑎𝑟[β2] +

(− ln(2 − 𝑙 𝑑⁄ ) (𝛽1 − β2𝑓𝑐𝑜𝑟𝑒) (2 −
𝑙
𝑑
)
𝛽3

)

2

𝑉𝑎𝑟[𝛽3]

𝐸[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )𝛽3]
 

fcore = 55 MPa 

β1 = −0.4776 

β2 = −0.00835 

β3 = 0.2697 

=
0% | 𝑙 𝑑⁄ =  2

  0.594% | 𝑙 𝑑⁄ =  1.5
 

(C.1.11) 

Model 
11 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]

𝐸[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]
 

=
√(−(2 − 𝑙 𝑑⁄ )2)2𝑉𝑎𝑟[𝛽1] + (𝑓𝑐𝑜𝑟𝑒(2 − 𝑙 𝑑⁄ )2)2𝑉𝑎𝑟[β2]

𝐸[1 − {β1 − β2 ∗ 𝑓𝑐𝑜𝑟𝑒}(2 − 𝑙 𝑑⁄ )2]
 

fcore = 55 MPa 

β1 = −1.5039 

β2 = −0.02632 

=
0% | 𝑙 𝑑⁄ =  2

  0.916% | 𝑙 𝑑⁄ =  1.5
 

(C.1.12) 

Model 
12 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[𝛽1 ln(𝑙 𝑑⁄ ) + 𝛽2]

𝐸[𝛽1 ln(𝑙 𝑑⁄ ) + 𝛽2]
 

=
√ln(𝑙 𝑑⁄ )2 ∗ 𝑉𝑎𝑟[𝛽1] + 𝑉𝑎𝑟[𝛽2]

𝛽1 ln(𝑙 𝑑⁄ ) + 𝛽2
 

β1 = 0.02323 

β2 = 0.98401 

=
0.129% | 𝑙 𝑑⁄ =  2

  0.098% | 𝑙 𝑑⁄ =  1.5
 

(C.1.13) 
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C.2  Damage Caused by Coring Factor Variability Equations 

This section includes the variability equations for the models of 𝐹𝑑𝑎𝑚, which are derived by the first order 

approximation method, as shown above in Equation (C.1.1). 

Model 
1 

𝑉𝑙 𝑑⁄ =
√𝑉𝑎𝑟[1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒]

𝐸[1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒]
 

=
𝑍𝑐𝑜𝑟𝑒√𝑉𝑎𝑟[𝛽𝑑𝑎𝑚1]

1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒
 

= 0.077% 

(C.2.1) 

Model 
2 

𝑉𝑙 𝑑⁄ =

√𝑉𝑎𝑟 [1 + (
𝛽100@2𝑍100@2 + 𝛽100@1.5𝑍100@1.5
+𝛽75@2𝑍75@2 + 𝛽75@1.5𝑍75@1.5

)𝑍𝑐𝑜𝑟𝑒]

𝐸 [1 + (
𝛽100@2𝑍100@2 + 𝛽100@1.5𝑍100@1.5
+𝛽75@2𝑍75@2 + 𝛽75@1.5𝑍75@1.5

)𝑍𝑐𝑜𝑟𝑒]

 

=

𝑍𝐶𝑜𝑟𝑒√
𝑍100@2
2 𝑉𝑎𝑟[𝛽100@2] + 𝑍100@1.5

2 𝑉𝑎𝑟[𝛽100@1.5] +

𝑍75@2
2 𝑉𝑎𝑟[𝛽75@2] + 𝑍100@1.5

2 𝑉𝑎𝑟[𝛽75@1.5]

1 + (
𝛽100@2𝑍100@2 + 𝛽100@1.5𝑍100@1.5
+𝛽75@2𝑍75@2 + 𝛽75@1.5𝑍75@1.5

)𝑍𝑐𝑜𝑟𝑒

 

=

0.096% | 100 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑙 𝑑⁄ = 2

0.165% | 100 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑙 𝑑⁄ = 1.5

0.101% | 75 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑙 𝑑⁄ = 2

0.076% | 75 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑙 𝑑⁄ = 1.5

 

(C.2.2) 

Model 
3 

𝑉𝑙 𝑑⁄ =

√𝑉𝑎𝑟 [1 + (1 −
𝛽𝑑𝑎𝑚2
𝐷 )

−1

𝑍𝑐𝑜𝑟𝑒]

𝐸[1 + 𝛽𝑑𝑎𝑚1𝑍𝑐𝑜𝑟𝑒]
 

=

𝑍𝑐𝑜𝑟𝑒√(
𝐷

(𝐷 − 𝛽𝑑𝑎𝑚2)
2)

2

𝑉𝑎𝑟[𝛽𝑑𝑎𝑚2]

1 + (1 −
𝛽𝑑𝑎𝑚2
𝐷 )

−1

𝑍𝑐𝑜𝑟𝑒

 

=
0.010% | 100 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
0.014% | 75 𝑚𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

 

(C.2.3) 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 

Ty
p

e 
La

b
e

l (
* 

d
ic

ta
te

s 
O

u
tl

ie
r)

 
U

se
 

A
vg

 
Le

n
gt

h
 

(m
m

) 

A
vg

 
D

ia
m

e
te

r 
(m

m
) 

D
ay

 
C

o
re

d
 

D
ay

 
Te

st
e

d
 

C
o

m
p

re
ss

iv
e

 
St

re
n

gt
h

 (
M

P
a)

 

B
u

lk
 

R
e

si
st

iv
it

y 
(k

Ω
·c
m

) 

M
as

s 
(g

) 

X
 

Lo
ca

ti
o

n
 

(m
m

) 

Y
 

Lo
ca

ti
o

n
 

(m
m

) 

C
o

re
 

B
2

-S
-H

-7
-2

8
-L

8 
C

O
M

P
 

1
9

8
.5

6 
1

0
0

.7
8 

7
 

2
8

 
6

2
.5

1 
3

7
.8

6 
3

7
4

1
.4

 
  

  

C
o

re
 

B
2

-S
-H

-7
-2

8
-L

7 
  

  
  

7
 

2
8

 
  

  
  

  
  

C
o

re
 

B
2

-D
-V

-1
4-

2
8-

R
8 

C
O

M
P

 
1

9
8

.6
0 

1
0

0
.7

2 
1

4
 

2
8

 
6

3
.7

1 
4

5
.3

7 
3

7
0

6
.7

 
  

  

C
o

re
 

B
2

-D
-V

-1
4-

2
8-

R
6 

C
O

M
P

 
2

0
1

.3
0 

1
0

0
.1

3 
1

4
 

2
8

 
5

7
.8

5 
4

6
.5

3 
3

7
0

9
.3

 
  

  

C
o

re
 

B
2

-D
-V

-1
4-

2
8-

L5
 

R
C

P
 

2
0

2
.0

7 
1

0
0

.4
6 

1
4

 
2

8
 

  
4

2
.2

2 
  

  
  

C
o

re
 

B
2

-D
-V

-1
4-

2
8-

L1
 

C
O

M
P

 
1

9
9

.2
9 

1
0

0
.7

6 
1

4
 

2
8

 
6

4
.3

1 
3

8
.2

1 
3

7
8

6
.5

 
  

  

C
o

re
 

B
2

-D
-V

-1
4-

2
8-

R
3 

O
TH

ER
 

  
  

1
4

 
2

8
 

  
  

  
  

  

C
o

re
 

B
2

-D
-H

-1
4

-2
8

-R
8 

  
  

  
1

4
 

2
8

 
  

  
  

  
  

C
o

re
 

B
2

-D
-H

-1
4

-2
8

-R
5 

C
O

M
P

 
1

9
9

.7
5 

1
0

0
.8

0 
1

4
 

2
8

 
6

1
.3

0 
4

9
.3

6 
3

7
4

0
.5

 
  

  

C
o

re
 

B
2

-D
-H

-1
4

-2
8

-R
1 

C
O

M
P

 
1

9
5

.0
3 

1
0

0
.8

4 
1

4
 

2
8

 
6

6
.9

7 
3

7
.0

5 
3

7
4

7
.1

 
  

  

C
o

re
 

B
2

-D
-H

-1
4

-2
8

-R
4 

C
O

M
P

 
2

0
0

.6
4 

9
8

.9
5 

1
4

 
2

8
 

6
2

.4
0 

4
8

.9
6 

3
6

8
3

.4
 

  
  

C
o

re
 

B
2

-D
-H

-1
4

-2
8

-R
6 

R
C

P
 

1
9

8
.0

1 
1

0
0

.8
0 

1
4

 
2

8
 

  
4

8
.6

1 
  

  
  

C
o

re
 

B
2

-S
-V

-1
4

-2
8

-L
7 

C
O

M
P

 
1

9
9

.0
0 

1
0

0
.5

2 
1

4
 

2
8

 
6

2
.5

0 
3

8
.2

4 
3

7
7

1
.2

 
  

  

C
o

re
 

B
2

-S
-V

-1
4

-2
8

-R
5 

C
O

M
P

 
1

9
8

.5
8 

1
0

0
.7

0 
1

4
 

2
8

 
6

1
.0

2 
3

7
.9

6 
3

7
1

6
.9

 
  

  

C
o

re
 

B
2

-S
-V

-1
4

-2
8

-L
4 

A
V

S 
  

  
1

4
 

2
8

 
  

  
  

  
  

C
o

re
 

B
2

-S
-V

-1
4

-2
8

-R
4 

C
O

M
P

 
2

0
0

.2
7 

1
0

0
.5

0 
1

4
 

2
8

 
6

2
.8

0 
3

7
.8

2 
3

7
4

9
.2

 
  

  

C
o

re
 

B
2

-S
-V

-1
4

-2
8

-L
2 

R
C

P
 

2
0

0
.5

7 
1

0
0

.8
7 

1
4

 
2

8
 

  
3

7
.2

1 
  

  
  

C
o

re
 

B
2

-S
-H

-1
4-

2
8-

R
7 

C
O

M
P

 
2

0
0

.4
6 

1
0

0
.7

6 
1

4
 

2
8

 
6

1
.7

2 
4

2
.6

5 
3

7
5

2
.7

 
  

  

C
o

re
 

B
2

-S
-H

-1
4-

2
8-

R
4 

C
O

M
P

 
2

0
1

.0
0 

1
0

0
.8

2 
1

4
 

2
8

 
5

9
.4

9 
4

2
.5

9 
3

7
7

1
.2

 
  

  

C
o

re
 

B
2

-S
-H

-1
4-

2
8-

R
1 

R
C

P
 

1
9

8
.9

3 
1

0
0

.8
3 

1
4

 
2

8
 

  
4

0
.3

4 
  

  
  

C
o

re
 

B
2

-S
-H

-1
4-

2
8-

R
8 

  
  

  
1

4
 

2
8

 
  

  
  

  
  

C
o

re
 

B
2

-S
-H

-1
4-

2
8-

R
5 

C
O

M
P

 
1

9
9

.3
4 

1
0

0
.7

8 
1

4
 

2
8

 
5

9
.6

9 
4

3
.7

4 
3

7
5

4
.9

 
  

  

C
o

re
 

B
2

-D
-V

-2
8-

2
8-

R
6 

C
O

M
P

 
2

0
0

.9
5 

1
0

0
.4

9 
2

8
 

2
8

 
5

9
.6

6 
4

4
.6

3 
3

7
3

5
.2

 
  

  

C
o

re
 

B
2

-D
-V

-2
8-

2
8-

R
5 

C
O

M
P

 
2

0
1

.5
1 

1
0

0
.4

8 
2

8
 

2
8

 
5

6
.4

5 
4

1
.8

6 
3

7
3

7
.8

 
  

  

C
o

re
 

B
2

-D
-V

-2
8-

2
8-

R
2 

C
O

M
P

 
2

0
2

.1
0 

1
0

0
.5

7 
2

8
 

2
8

 
6

0
.7

6 
4

2
.6

4 
3

7
8

5
.9

 
  

  

C
o

re
 

B
2

-D
-V

-2
8-

2
8-

L1
 

  
  

  
2

8
 

2
8

 
  

  
  

  
  

C
o

re
 

B
2

-D
-V

-2
8-

2
8-

L4
 

O
TH

ER
 

  
  

2
8

 
2

8
 

  
  

  
  

  



 

 

138 

Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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Appendix D - Raw Data 
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