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This thesis reports the findings of a study conducted on the effects of mixing and curing 

high performance concrete at elevated temperature. The purpose of the study was to find 

solutions to ameliorate the strength and durability loss resulting from high temperature 

environments. This investigation is broken down into two distinct phases. Phase I 

consists of a preliminary mortar investigation followed by Phase IIa which was 

conducted on ready mix concrete and Phase lIb which studied roller compacted concrete. 

Phase IIa investigated the ability of supplementary cementing materials and chemical 

admixtures to mitigate the deleterious effects of curing at high temperature. In contrast, 

Phase lIb investigated the ability of supplementary cementing materials to reduce the 

deleterious effects. It was found that supplementary cementing materials were 

moderately effective at ameliorating strength loss, and performed well in reducing 

durability loss. The chemical admixtures only performed well in ameliorating strength 

loss. 
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1.1 - Introduction 

Chapter 1 

Introduction and Objective 

The problems associated with mixing, transporting, and placing normal ready mix 

concrete in hot weather environments have been widely documented [1-6]. There is 

however, a lack of information on the effects of hot weather and methods to prevent 

strength and durability loss of high performance high slump and low slump concrete. 

Also, there is a lack of information on the impact of adverse temperature on the compared 

effects of these concretes batched and cured in the same environment. 

As the developing world continues to build larger and more advanced infrastructures, a 

huge dependence is being put on concrete based structures. Concrete structures are being 

designed to withstand larger stresses and to survive in more adverse conditions then ever 

before. The economic restraints and logistics of these projects often entails that they are 

batched and cast in hot, humid and arid environments. As such, this program will focus 

on methods of ameliorating the strength and durability loss of high performance high and 

low slump concrete due to early age high temperature batching and curing. 

The average ambient temperatures in Mexico, the Middle East and the Far East are 

typically in the range of 20 - 30°C and the maximum daily temperature can be as high as 

35 - 55°C. Using hot cement and heat generated from the hydration of Portland cement 

can raise the internal temperature of freshly placed structural members and roller 

compacted projects in excess of 40°C. Exposure of concrete to elevated temperatures in 

the first 2-24 hours can cause significant reductions in compressive strength and 

durability at later ages. Also, it is often necessary to increase the water content of 

concrete placed in hot environments to minimize the loss of consistency caused by 

accelerated hydration. If water is not added to combat the loss of consistency, problems 

with consolidation and roller compaction will result. However, the addition of more 

batch water leads to lower compressive strengths and a less durable more permeable 

microstructure. 
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In this research program, supplementary cementing materials such as Class C and Class F 

fly ash will be investigated in depth to quantify their effect on compressive strength and 

durability at high curing temperatures. Also, a grade 80 ground granulated blast furnace 

slag will be investigated alone and in ternary blends with Class C fly ash. With the 

cement substitution of these constituents the water demand of mixes will be adjusted 

accordingly in order to maintain the principle of constant consistency for both high and 

low slump concrete. 

Retarding and water reducing admixtures will also be investigated in depth in this 

program. They are used extensively in hot weather concreting to reduce water demand, 

extend open time and improve compressive strength. By slowing cement hydration, 

retarders allow the formation of a more uniform and finer microstructure which increases 

strength. As mentioned above, when cement temperatures are high, the demand for water 

increases in order to maintain the same consistency. The use of retarders should increase 

later age strengths and therefore permit a reduction in the cement content necessary to 

achieve prescribed strengths. A secondary benefit will be an increase in the holding time 

in concrete trucks and batch mixers which will result in an extended delivery period, 

increasing efficiency. 

The principles established for hot weather normal ready mixed concreting also apply to 

high performance high and low slump concrete. As a result of this relation, and the 

availability of a broad range of sources, this investigation would not be complete without 

an in depth exploration of previous works pertaining to hot weather batched normal ready 

mixed concrete. A literature review of the aforementioned subject is presented in the 

following chapter. 

2 



1.2 - Objective 

This investigation can be broken down into two distinct phases; Phase I, Phase lIa and 

Phase IIb. Phase I consists of a preliminary investigation into the effectiveness of three 

common elementary ingredients of retarders and water reducers; sucrose, com syrup and 

sodium gluconate. This phase consisted of testing mortar with a range of addition rates 

of the aforementioned admixtures. Mixes were batched and cured at 23,35 and 50°C 
'\ 

while maintaining a constant water content. The only variable analyzed was the effect of 

the individual admixture on compressive strength. This was done in an effort to narrow 

down the secondary concrete investigation of Phase Ila. 

The objective of Phase Ila was to investigate the ability of Class C and F fly ash as well 

as GGBFS as a sole constituent as well as in ternary blends to ameliorate the deleterious 

effects of high initial temperature curing on compressive strength and durability of high 

performance high slump concrete. Raw and proprietary retarders and water reducers 

were also investigated. The program was conducted on the premise of constant 

consistency and water contents were adjusted accordingly to maintain a slump of 100+/-

10 mm at 23, 35 and 50°C. 

Similarly to Phase I1a, the objective of Phase IIb was to investigate the ability of Class C 

fly ash as well as GGBFS in both mono and ternary blends to reduce the effects of high 

initial temperature curing. However, Phase IIb focused on the effects incurred on high 

performance roller compacted concrete. This portion of the program was also conducted 

on the premise of constant consistency and a modified VeBe test method was developed 

to test the consistency of the RCC. 
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Chapter 2 

Literature Review 

Many of the principles established for hot weather normal performance ready mix 

concrete also apply to high performance concrete. As a result of this relation, and the 

availability of a broad range of sources, this investigation would not be complete without 

an in depth exploration of previous works pertaining to hot weather and ready mixed 

concrete. A literature review of the aforementioned subject is presented next. It should 

be noted that the principles established by this literature review in reference to ready mix 

concrete also apply to batching roller compacted concrete in high temperature 

environments. However, due to the existence of very little published literature on roller 

compacted concrete only minor information has been added where possible. 

When batching ready mix concrete (RMC) in hot adverse climatic environments, many 

regions rely on guidance from documents for concrete production such as, ACI 305, ACI 

306 and CIRIAIConcrete Society Guide. All of these documents take into account the 

effects of wind velocity, solar radiation, relative humidity and temperature on RMC. ACI 

305 defines hot weather as, "any combination of high air temperature, low relative 

humidity, and wind velocity tending to impair the quality of fresh or hardened concrete or 

otherwise resulting in abnormal properties" [1). These documents are good guidelines to 

follow however, a more in depth investigation into the effects of these elements is 

necessary to fully understand how to prevent their negative effects. 

2.1 - Slump Loss 

The most visible effect of hot weather on RMC in the early stages of production is the 

development of slump loss (or loss of workability) during batching and delivery. The 

rate of slump loss is dependent on many factors including but not limited to: the 

increased hydration rate of concrete in high temperatures, cement composition, w/c ratio, 

increased evaporation, and the use of chemical admixtures and supplementary cementing 
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materials [1-3]. The hydration of Portland Cement is an exothermic reaction that 

continues to accelerate with increases in specific heat. A well known axiom of physical 

chemistry is that for a 10°C increase in concrete temperature the hydration reaction of 

cement will double in speed [2]. The acceleration of hydration leads to the liberation of 

more energy and a rapidly stiffening paste structure causing a loss in workability. As can 

be seen in Figure 2.1, rapid hydration with increasing temperature also leads to 
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Figure 2.1. Effect of temperature increase on the water requirement 
of concrete. (1) 

an increase in water demand to maintain a specified slump [4). At RMC plants and on 

the job site, the loss of workability often leads to the use of an increased w/c ratio 

resulting in a lower compressive strength and reduced durability [1]. 

Abdulaziz et al. studied the impact of extremely hot weather and mixing method on the 

changes in properties ofRMC during delivery [5]. The summer temperatures in the 

Arabian Gulf region can often reach 45°C with a RH of 15%. It should be noted that the 

Portland Cement Association (PCA) defines hot weather as a range of temperature of 

24°C to 34°C [6]. Abdulaziz et al. found that during the summer period RMC batched 

using chilled water showed temperature increases of 1.1 °C and lost 37% of their initial 

slump value during an average delivery time of 52 minutes [5]. It was also shown that a 

longer travel time between the batch plant and job site increased slump loss. Figure 2.2 

illustrates the ratio of the slump at the batch plant to the slump measured on site [5]. As 
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can be seen from the graph, an increase in slump at the batch plant translated into an 

increased slump loss at the job site. Also, truck mixing of ingredients compared to 

central batch mixing had little effect on slump loss [5]. 
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Figure 2.2. Slump at site versus slump at batch plant \5J. 

There are certain precautions that can be taken at RMC batch plants to lower concrete 

temperatures and prevent or limit slump loss. They include, cooling the concrete 

ingredients such as the aggregates or water, batching with ice as part of the mix and the 

addition of liquid nitrogen to fresh concrete mixes [7]. An empirical study conducted by 

Mahboub et al. with over 1000 sets of concrete cylinders collected in the Kentucky area 

produced a model that correlated the combined effects of mix temperature and mix 

duration on compressive strength [7]. They theorized that long mixing times have been 

shown to decrease the air content at approximately 2% per hour as well as increase the 

temperature of concrete by 3.3°C per hour when transported in 32°C ambient 

temperatures. A concrete mix that is batched at a lower initial temperature will allow for 

more time in transit before exceeding the 32°C maximum concrete temperature before 

placement, allowed by the CSA and other concrete regulatory bodies around the world 

[I). 
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It should be noted that the principle of slump loss exhibited by ready mix concrete 

batched in hot weather environments also applies to roller compacted concrete. A paper 

written by Qasrawi et al. demonstrated the necessity of increasing the water content of 

roller compacted concrete in order to maintain a required consistency for concrete 

batched in hot weather environments. It also touched on the necessity of increasing the 

cement content of a mix in order to achieve a required compressive or tensile strength 
'\ 

that could have only been recorded with a lower cement content when batched at a lower 

temperature. However, an increase in cement content would not come without other 

added problems and cost to the producer [38]. 

, 2.2 - Evaporation 

An important factor to consider when bat ching RMC in hot weather environments is the 

effect of evaporation on concrete properties. Evaporation of water from RMC during 

mixing and delivery can lead to a lowered w/c ratio and an increased loss of workability. 

Evaporation after RMC placement and consolidation can also lead to plastic shrinkage 

and cracking [2]. When trying to counteract the effects of evaporation by the addition of 

more water to the mix it is very important to take into account the affects of an increased 

w/c ratio. An increase in the water-cement ratio will decrease the strength, durability, 

water tightness, increase the drying shrinkage and have a detrimental effect on other 
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related properties [1]. As a result, plasticizers are often incorporated in RMC in order to 

maintain a given slump without the addition of more mix water. 

After RMC has been placed and consolidated at the job site, the evaporation rate of the 

ambient surroundings must be monitored. When the evaporation rate of concrete is 

expected to reach 1.0 kglm/hr (0.2 lb/ftlhr), precautions should be taken to ensure 

adequate and effective curing [1]. Evaporation is caused by a combination of solar 

radiation, wind velocity, low relative humidity, high ambient temperature and a high 

concrete temperature [1]. If all the previous listed factors are known the evaporation rate 

can be predicted using Figure 2.3. This is done by simply drawing a straight line from 

quadrant to quadrant until a rate of evaporation is determined on the lower y-axis. It 

should be noted that a small increase in any of the five factors above will cause a 
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substantial increase in evaporation. In order for proper hydration and strength 

development to occur the internal RH of concrete must be maintained at a minimum of 

80% [8]. 

An increased evaporation rate leads to problems with finishing and drying shrinkage [1]. 

There have been extensive studies done to determine the most effective ways to cure 

RMC in adverse hot weather conditions. If proper curing is not undertaken excessive 

plastic shrinkage and cracking, reduction in strength and an increase in the rate of 

carbonation, chloride and sulphate ingress are possible [9]. 

An extensive literature review as well as an experimental program conducted by Alsayed 

et aL concluded that burlap rewet three times a day produced the highest increases in 

compressive strength and decreases in permeability when compared to other forms of 

curing in in-situ hot weather environments [9]. Alsayed et al. also discovered that 

curing concrete with the use of impermeable membranes, such as vapor barriers, were 

often detrimental to the curing process as a result of acting as an insulator for the heat 

generated by hydration and solar radiation [9]. However, as long as the internal RH is 

kept above 80% and the concrete temperature is minimized, there are other effective 

methods to cure RMC in hot weather environments, such as fogging in combination with 

sun and wind sheltering [10]. 

2.3 - Cement & Heat of Hydration 

As mentioned earlier, increases in concrete temperature result in an increased rate of 

hydration. This occurs partly as a result of the exothermic reaction that takes place when 

cement is combined with water in the mixing process. The hydration of cement can 

produce up to 500 joules of energy per gram. However, in concrete the exact production 

of heat differs for different cement types and contents as well as the temperature at which 

hydration occurs. Table 2.1 illustrates the differences in hydration heat generated for 

three different types of cement. As can be seen from the table, the temperature at which 

hydration takes place greatly influences the rate of heat development. If the 
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Table 2.1: Heat of hydration developed after 72 hours at varying temperatures I] J I. 

Heat of hydration developed at-

Cement 4°C (40"F) 24"C (75°F) 32"C (90"F) 4PC (105°F) 

Type JIg callg JIg callg JIg callg JIg callg 

154.0 36.9 285.0 68.0 309.0 73.9 335.0 80.0 

221.0 52.9 348.0 83.2 357.0 85.3 390.0 93.2 

IV 108.0 25.7 195.0 46.6 192.0 45.8 214.0 51.2 

temperature of concrete is allowed to rapidly increase, not only will a rapid loss of 

workability be evident but many other problems such as loss in compressive strength and 

durability will occur. When batching in hot climates the type of cement used is a very 

important factor when trying to minimize heat generation and accelerated hydration. 
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Figure 2.4. Development of heat of hydration of different 
cements cured at 21·C with a w/c ratio of 0.40 (31. 

Figure 2.4 illustrates the average heat of hydration for five common cement types. As 

can be seen from the graph, the cement type used in a batch plays a very important role in 

the amount of heat generated and thus the temperature of the concrete mix [11]. 
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In general, when concreting in hot weather environments many things have to be taken 

into consideration when selecting a cement. Cement consists primarily of four main 

molecules in varying quantities depending on the cement type; tricalcium silicate (C3S), 

dicalcium silicate (C2S ), tricalcium aluminate (C3A) and tetracalcium aluminoferrite 

(C4AF). The cement molecules of C3A and C3S hydrate at a much faster rate then C2S 

and C4AF and as a result release heat at a much faster pace. C3A and C3S have a heat of 

hydration of 867 and 502 Jig respectively, as compared to C2S and C4AF with heats of 

hydration of 260 and 419 Jig [11]. The effect that varying heats of hydration of different 

cement compositions has on the overall concrete temperature has to be known and 

controlled in hot climates. 

When pouring or roller compacting large mass concrete projects or in areas with large 

diurnal tendencies, it is important that the temperatures developed during hydration are 

limited to ensure that the temperature stresses developed in the concrete do not exceed its 

tensile strength, resulting in thermal cracking [12]. Also, it is essential to control the 

concrete temperature in order to achieve thorough homogenous hydration of the cement 

paste [13]. Supplementary cementing materials (SCM) as well as chemical admixtures 

are often considered for use in hot weather environments to aid in slowing down the 

hydration reaction and thus limiting the heat liberation [3,11,13]. The effects of the 

above mentioned constituents and their effect on concrete strength, pore structure and 

volume stability will be examined in further detail in the following sections. 

2.4 - Compressive Strength 

It is no secret in the construction industry that concrete cast in hot weather conditions 

requires more attention to curing if the full strength gain of the material is to be achieved. 

ACI 305 reports that a strength loss of 10 to 15% can occur if a fresh RMC molded test 

cylinder is exposed to 38°C for the first 24 hours of curing when compared to curing at 

23°C. Similarly to controlling workability, the effects of cement type, wlc, mixing 

duration, mixing temperature, curing procedures, SCMs, chemical admixtures etc. all 

play an important role in determining the compressive strength of concrete produced in 
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hot weather environments [3,7,11,13]. Also, if high early strengths need to be achieved, 

extra care must be taken to ensure that the later age strengths are not affected by poorly 

crystallized hydration products [14]. 

Mahboub et al. created a strength index representing a comparison of the effects of mix 

duration and mix temperature on the compressive strength ofRMC. The square 

encapsulated index numbers presented in Figure 2.5 below represent the percentage of 
1 

compressive strength achieved by field cured samples compared to their lab cured (24°C, 

100% RH) counter parts. The graph illustrates that both the mix duration and 

temperature playa huge role in determining the actual strength of RMC in the field. 

Longer mix durations combined with increased hydration temperatures contribute to 

lower compressive strengths [7]. 
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Figure 2.5. Concrete strength index zones [71. 

90 100 

High initial curing temperatures for concrete generally produce high initial compressive 

and tensile strengths when compared to low temperature curing. This is due to the 

stiffening effects caused by the increased rate of hydration. These affects are 

advantageous when working in cold weather environments, where proper curing 

temperatures are difficult to control, but are avoided when dealing with hot environments. 

12 



High initial temperatures can create a reduction in later life compressive and tensile 

strength as well as elastic modulus due to poor uneven hydration of the microstructure 

and an increased permeability [3,14,15]. The effect of increased curing temperatures on 

compressive strength is illustrated in the figure below. 
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Figure 2.6. Influence of curing temperature on compressive strength at 1 and 
28 days 11J. 

Reductions in compressive strength cannot be fully explained without an investigation 

into the microstructure of the hydration products of hot weather cured concrete. The 

importance of maintaining a controlled w/c ratio is essential to maintaining a high 

compressive strength [16]. If the water content is increased in an effort to achieve a 

higher workability the concrete will have a higher porosity leading to a lower 

compressive strength [4]. Through a SEM study of concretes batched with an increased 

water content to counteract the slump loss of 50°C ambient temperature, Mouret et al. 

showed that an increase in water quantity produced an increase in the calcium hydroxide 

(CH) content in the aggregate-paste interfacial transition zone (ITZ). The presence of 

well developed CH crystals at the ITZ were the result of the sustained hydration of the 
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calcium silicate phases, made possible by the excess of mix water. The small specific 

surface area as well as the laminar growth of these crystals were predicted to weaken the 

ITZ and thus lower the compressive strength of the concrete [16]. In another SEM study 

by Mouret et al. a large concentration of ettringite rods were also visible in the vicinity of 

the aggregates. It was predicted that the crystal growth was made possible due to the 

open microstructure formed at elevated curing temperatures [17]. 

A study by Ortiz 1. et al. found that the most important factors affecting the compressive 

strength ofRMC were the temperatures of the concrete, the ambient temperature and the 

difference between the two. It was concluded that when dealing with hot weather 

environments it is better to batch concrete at the end ofthe day in order to avoid thermal 

ramping of peak hydration temperatures. When cement is hydrated at a higher 

temperature, "a faster and non-uniform precipitation of the hydration products, makes the 

structure more disordered and microstructure development is more heterogeneous and 

less compact; reflected in minor strength increases over time "[18]. Furthermore, if 

during the early days of hydration the concrete temperature increases rapidly, thermal 

stresses can be created that exceed the tensile strength of the fresh concrete. If this 

occurs, micro-cracking of the hydration products can transpire leading to increased 

porosity, cracking and a reduction in compressive strength [18]. However, it has been 

proven that temperature increases at ages later then 3 to 7 days have little effect on the 

ultimate later age strength ofRMC [19]. 

An important fact that should be taken into account when designing a concrete mix for a 

hot environment is that the maturity method does not always produce accurate early and 

later age strengths. The maturity concept proposed by Saul and later put forth as a 

function based on the Arrhenius equation by Freisesleben and Pederson, was designed to 

work with concrete cured in an isotherm environment [20,21]. A study put forth by Kim 

1. et al. showed that concrete samples cured for a 28 day period at 20°C but exposed to a 

1 day 40°C cure at varying times for each sample produced different compressive 

strength results [19]. Although all samples had the same theoretical strength result when 

calculated using the maturity function, the varying time at which a high temperature cure 

was applied had a anecdotal effect on the compressive strengths. 
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2.5 - Supplementary Cementing Materials 

SCMs are widely used in the construction industry today. Fly ash (FA) and ground 

granulated blast furnace slag (GGBFS) will be tested in this program with their effects on 

hot weather concreting investigated. A review of each of their performances in hot 

weather concreting will be presented. 

2.5.1 - Fly Ash 

When used in conjunction with Portland cement (PC), fly ash can have both beneficial 

and detrimental affects on the properties of concrete cured in hot weather. Its rate of 

hydration and hydration products have an effect on many concrete properties including; 

compressive strength, permeability and durability [3,11,13,22-24]. 

Blended cements containing FA are widely known to hydrate and develop strength much 

slower then pure Portland cement [11]. The slower hydration process results in a lower 

release of heat and the development of a more homogenous microstructure. This is 

mostly due to the pozzolanic reaction that FA ions undergo when in contact with PC [23]. 

As a result, curing must take place over a longer time period or the strength and 

durability will be diminished when compared to PC concrete. However, if ample curing 

is applied to fresh blended concrete, generally considered to be 7 days, strength and 

durability related properties can be greatly increased in hot weather environments [23]. 

Haque et al. conducted a study comparing pure PC mortar to a 0.3 ratio FA/PC blend. 

Specimens were moist cured at 23°C and 100% RH for 1, 7 and 28 days before being 

exposed to either 43°C, 20% RH or 23°C, 40% RH conditions for an extended period of 

time. Table 2.2 and 2.3 illustrates the compressive strengths of specimens developed 

after 1 and 7 day initial moist curing followed by exposure to hot weather conditions 

[37]. 
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Table 2.2. Effect of a hot-dry environment (45°C + 20% RH) on the strength of fly ash-cement paste 

cubes (after J day of fog curing) 137). 

Strength. Mpa Strength ratio. percent 
Age 

29 days 91 days Specimen I Reference 
Actual Curingl 

fog curing 
Mix 1 + 27 28 + 0 1 + 90 91 + 0 1 + 27 28 + 0 1 + 90 91 + 0 28 days I 91 days 
designation days days days days days days davs davs 

540 PC 621 1152 1306 1190 
67 78 81 95 

PCfFA 41 4 895 490 1129 460 

Table 2.3. Effect of a hot-dry environment (45°C + 20% RH) on the strength of fly ash-cement paste 

cubes (after 7 days of fog curing) (37). 

Strength. Mpa Strength ratio, percent 

51 0 
430 

A It 
35 days 98 days Specimen f Reference 

Actual Curing/ 
fog eurinL-

Mix 
designation 

PC 
PC/FA 

7 + 28 35 + 0 
days days 
646 1246 
672 984 

7 + 91 II S8 + 0 
days days 
641 12'32 
,377 11!31 

7 + 28 
days 

104 

35 + 0 7 + 91 98 + 0 
days days days 

79 1013 92 

35 days 98 days 

520 51 0 
680 580 

When samples were moist cured for 1 day followed by hot weather conditions 

degradations in strength were visible for both PC and FA-PC samples. The degradation 

was however, less prominent in the FA-PC specimens. When the specimens were moist 

cured for 7 days the FA-PC mortar specimens showed superior strength development to 

those of plain cement in both hot weather and temperate curing conditions. The results 

substantiate the need for adequate 7 day curing when batching using a FA blended 

cement. However, they also illustrate the strength improvements possible when concrete 

batched with FA is exposed to high temperature environments [37]. 

In hot environments or large mass concrete structures, FA is added to concrete to slow 

dO\\<TI the hydration reaction and to improve the microstructure of the hardened concrete. 

The heat evolved in PC concrete during hydration can be enough to cause plastic 

shrinkage cracking and thermal cracking. The addition ofF A reduces the heat evolved 

during hydration, helping to prevent these detrimental effects and improve the paste 

microstructure as a result of grain and pore refinements [24]. 

FA's primary hydration reaction occurs when amorphous silica reacts with calcium 

hydroxide (CH) formed from the hydration of calcium silicates [24]. This reaction causes 
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a net reduction in the quantity of CH in the pore solution and an increase of calcium 

silicate hydrate (CSH), leading to a more homogeneous less permeable microstructure as 

can be seen in Figure 2.7. Also, solutions rich in silica from the FA, hydrate with the CH 

layers formed around the aggregates to produce less permeable and stronger interfacial 

transition zones [3]. This reduction in porosity helps reduce diffusion of harmful 

molecules and ions through the concrete paste such as chlorides, sulphates and C02. It 

also helps to increase later age compressive strengths. 
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Figure 2.7. Effect ofSCMs on properties offresh concrete 15J. 

The addition of most FA's to RMC mixes allows for increased workability and a lower 

w/c ratio when compared to PC concrete. FA also has the ability to sustain this increased 

workability over a longer mix cycle in hot weather conditions then most chemical 

admixtures. This is partly due to the retarding effect it has on the hydration of cement 

through dilution and pozzolanic reactions as well as the round morphology of the FA 

particles. This is especially important for hot weather concreting where slump loss and 

increased addition of water is a common problem [3]. A study by Soroka et al. found that 

the use of FA blended cement out performed combinations of FA, water reducers and 

plasticizers in maintaining slump over a 180 minute mixing cycle at 32°C. 
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An ancillary benefit of using blended cement in RMC is the reduction of CH in solution 

leads to a reduction of expansion caused by alkali dependent attacks. Limiting the 
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Figure 2.8. Slump loss of concrete with and without fly ash and 
with and without a water-reducing and retarding admixture or 
a superplasticizer after prolonged mixing at 3rc 131 I. 

availability of alkalis in solution such as CH, limits the ability of silica and carbonate, 

from reactive aggregates, to form an expansive gel in the ITZ. ASR and ACR accelerate 

with the addition of heat, FA helps limit them by reducing the amount of heat that is 

produced during hydration as well as by limiting the reaction products available [3,11]. 

Sulphate attack is a prominent issue in many hot climatic regions around the world. 

Another ancillary benefit of using FA in concrete batched in hot environments is its 

increased resistance to sulphate attack. FA helps to control sulphate attack through a 

reduction in ettringite formation in a number of ways. The first method of control comes 

as a result of a reduction of permeability and porosity. This limits the ingress of harmful 

sulphate ions into the pore solution. The reduction of CH also helps to lower the 

formation of gypsum, necessary for ettringite formation, from soluble sulphates. Also, 

the use of FA reduces the C3A content, a necessary constituent of ettringite formation. 
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However, it should be noted that not all FA's help to prevent sulphate attack to the same 

extent. High calcium FA's don't consume as much CH in solution due to the availability 

of lime and some FA's are high in alumina contents and can lead to the formation of 

more ettringite [3]. 

2.5.2 - Ground Granulated Blast Furnace Slag 

Similarly to fly ash, partial replacement of cement with ground granulated blast furnace 

slag (GGBFS) has the ability to produce stronger and more durable concrete in hot 

climates. However, a disadvantage of the use ofGGBFS is that it also makes concrete 

mixes more sensitive to poor curing then ordinary PC concrete. If proper curing is not 

applied to a freshly placed concrete containing GGBFS, strength, permeability and 

durability can be seriously impaired. Although, it has also been concluded, that as long 

as adequate curing is provided an increase in temperature can benefit the formation of 

strength and durability [25]. 

GGBFS is produced as a by-product of metal smelting. It consists mainly of quenched 

amorphous glasses of lime, silica, alumina and magnesium. When pure 100% slag 

cement comes in contact with water it undergoes a slow hydraulic reaction that can take 

months to produce an equivalent 28 day strength to ordinary PC. However, when slag is 

blended with PC the alkaline compounds formed during PC hydration act as a catalyst 

drastically increasing the rate of hydration of GGBFS [3,11]. 

The hydration of slag blended cements depends on the formation of alkali compounds, 

specifically CH. GGBFS improves the microstructure of concrete exposed to high 

temperatures by slowing the hydration reaction of PC and transforming surplus alkalis 

into a mixture of CSH and hydrated alumina phases. The CSH formed by the hydration 

of slag has a lower calcium-silica (CIS) ratio then that formed by PC. As a result, it 

undergoes a pozzolanic reaction that slowly consumes the CH in solution until the CIS 

has reached a stable value between 1.5 and 2.0, leading to a further refinement of pore 

structure [11]. 
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Slag blended cements have a lower heat of hydration then ordinary PC. The hydration 

rate is similar in energy released to the hydration of dicalcium silicate. The lower 

generation of energy and refinements in pore structure all contribute to increased strength 

and durability when blended slag cements are used in hot weather environments [3,11]. 

Similarly to FA, refinements in pore structure as well as the reduction of CH in the 

microstructure and pore solution leads to improved sulphate, carbonation and chloride 

resistance. Slag blended cements are also known to marginally reduce the susceptibility 

of aggregates to alkali silica and alkali carbonate reaction [3]. 

The extent to which GGBFS increases the strength of concrete is dependent on the slag 

activity index, the percentage used, the w/c ratio, the type of PC and the curing conditions 

[26]. A study by Gowripalan et al. found that a 70% blended GGBFS cement had a 

lower permeability when cured at 35°C then at 21°C [27]. Percentage replacements of PC 

up to 90% will produce varying pore structures in hydrated cement. Depending on the 

application, curing performed and concrete temperature, a proper mix has to be selected 

for varying conditions. 

A study performed by Austin et a1. tested the effect of five common curing methods on 

the performance of slag blended cement cured in simulated Algerian Sahara arid 

environment. Various percentages ofGGBFS were used as a cement replacement in 

concrete to test their effects on strength and durability. Wet burlap curing produced the 

highest compressive strengths at 28 days for all specimens tested [25]. An example of a 

50% GGBFS blended cement is presented in Table 2.4. 
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Table 2.4. Mean compressive strength for cubes and cores consisting of ordinary Portland cement 

(OPC) or 50% ground granulated blast furnace slag (GGBFS) blended cement (25) • 
. __ ._------
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metfwd .---.. --~'-.-~--.--- ._, .. _-'------_._--" .... ---.-
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The program found that 50% replacement of PC with GGBFS, designed for equal 

workability produced the most improvements in simulated hot arid environments when 

proper curing was utilized. Improvements in strength, permeability and absorption were 

all seen when compared to a 100% PC concrete cured under the same conditions. 

However, it was also concluded that although slag blended cements produced the best 

results in hot curing environments, their slow rate of hydration at temperate temperatures 

failed to produce an improved concrete in comparison to PC concrete at lower 

temperatures. This fact is also evident in Table 2.4 [25]. 

A study by Roy et al. also made a similar conclusion about the use of slag in blended 

cements [28]. Mercury porosimetry and SEM testing of blended cements cured at 

temperatures above 30°C produced a finer pore structure, as well as a lower total 

cumulative pore volume. As can be seen in Figure 2.9 a 60% blended slag cement 
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Figure 2.9. A comparison of differential pore radius for a pure Portland cement, a 60:40 weight 

proportion slag/cement mixture 128]. 

demonstrated reduced pore radius, and total pore volume for increases in curing 

temperature and time at elevated temperature. Notable increases in compressive strength 

were also observed for high percentage slag mixes cured at sustained elevated 

temperatures [28]. 

2.6 - Admixtures 

There are countless chemical admixtures available for use in concrete today. However, 

the two forms of admixtures that are most commonly used in hot environments are set~ 

controlling admixtures (ASTM C494) and plasticizing admixtures (ASTM C494 & 

CIOI7) [3]. A review of their behavior and mechanism will be presented in the following 

section. 

Plasticizing admixtures can be separated into three categories; low-range water reducers, 

mid-range water reducers and superplasticizers (high-range water reducers). 

Low-range water reducing admixtures impart a 5-10% reduction in batch water to 

achieve the same slump of a reference mix. Mid-range water reducers function best in 
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the slump range of 125-200mm and superplasticizers can achieve 12-30% water 

reductions. Superplasticizers are used frequently to produce high-strength concrete with 

very low w/c ratios [3]. They are also effectively used in high temperature concrete to 

maintain high slump levels without increases in water content. 

Plasticizing admixtures are negatively charged organic molecules that absorb mostly at 

the solid-water interface. This imparts like charges on cement particles creating 

electrostatic repulsive forces in solution, aiding in the deflocculating of the mix. This 

repulsive force helps to maintain or increase the slump value of mixes even in hot 

weather conditions leading to their common use in high temperature environments (3]. 

Set controlling or retarding admixtures are used to offset the effects of high temperature 

curing and long delays between batching and placing that result in a decrease in setting 

time. They prolong the induction period during the initial set, allowing time for the 

development of a homogenous microstructure under high temperature conditions (3]. 

Retarders are thought to work in one of two ways; the absorption theory suggests that 

retarders absorb on the surface of anhydrous cement grains through ionic, hydrogen or 

dipole bonding and prevent water from reacting with the cement and the precipitation 

theory suggests that retardation occurs by the formation of an insoluble layer of calcium 

salts on the hydration products of cement [29,30,31]. 

There are approximately five main categories of chemical admixtures used in hot 

climates. They include[32]: 

• Lignosulphonates 

• Hydroxycarboxylic acid 

• Phosphate/ Hydroxycarboxylic blend 

• Naphthalene sulphonate formaldehyde polymer 

• Melamine sulphonate formaldehyde polymer 

Each admixture has its own advantages and disadvantages in its ability to increase 

plasticity and prolong set which will be described below [32]. 
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• Lignosulphonates: 

Can impart effective plasticizing action in combination with water reduction 

creating increased workability. This is achieved by the polar ends of the 

lignosulphonate molecules being absorbed on the cement particle resulting in 

electrostatic repulsion of cement particles. 

• Hydroxycarboxylic acid 

Give marginally greater increases in workability at fixed water contents then 

lignosulphonates, however, they do not provide good workability retention. They 

have also been shown to retard the setting time of concrete mixtures. Consist of 

organic chemicals which have both hydroxyl and carboxyl groups in their 

molecules. Generally in the form of sodium, ammonium or triethanolamine salts. 

• Phosphate! Hydroxycarboxylic blend 

When used in concrete cast in hot environments high dosage levels have to be 

used to achieve the required workability and degree of workability retention. The 

high dosage rates used increases the set retardation in a non-linear relationship. 

They consist of a blend of both hydroxycarboxylic acids and phosphates and are 

generally used in hot climates where set retardation is more important then 

increased workability. 

• Naphthalene sulphonate formaldehyde polymer 

Used in admixtures to produce products known as superplasticizers. They are 

added to concrete mixes to encourage large increases in workability and large 

reductions in w!c ratios without having a retarding effect. They are commonly 

used in high temperature environments where an increased rate of hydration 

results in a high level of slump loss. 
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• Melamine sulphonate formaldehyde polymer 

Also used to form superplasticizing admixtures however, can also be blended with 

hydroxycarboxylic acids or lignosulphonates to impart water reducing and 

retarding qualities to a concrete mix. When used on its own, it has very little 

retarding qualities however, can impart increased slump loss when used at high 

temperatures in comparison to naphthalene based admixtures. 

The practical considerations that determine the usefulness of a plasticizer or a retarder 

depend on its efficiency at minimum dosage in achieving the required increased 

workability or set retardation. It also depends on the dosage range of each that can be 

used without adversely affecting the retardation, physical and chemical durability aspects 

of concrete and that can be easily dispensed and used economically [33]. When casting 

concrete in hot weather environments the ambient temperature and concrete temperature 

have to be taken into account when selecting the appropriate plasticizer or retarder for 

use. This is a result of all retarders extending the induction period at varying dosages and 

temperatures to different extents. 

A study by Ramachandran et al. investigated the use of eleven potential retarders in 

combination with mortar having a w/c ratio of 0.5. A calorimetric study of the hydration 

of mortar samples at room temperature over 72 hours demonstrated the varying effects 

retarders had on the induction period. All retarders were found to increase the induction 

period by 4 to 55 hours at dosages generally less then 0.15%. This large range in the 

extension of the induction period illustrates the need to properly select a retarder for use 

in hot weather environments. If too powerful a retarder or too high a dosage is used the 

set of concrete can be delayed for an extensive period leading to plastic shrinkage 

cracking and other durability issues or set can be prevented altogether [33]. 

Although there can be some side effects with the use of retarders, overall when used in a 

controlled manner they have a positive effect on the compressive strength of concrete 

cast in hot environments. A study conducted by the Research and Development 
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Laboratory of ShawCor Limited demonstrated that the retarders, sodium gluconate and 

sucrose batched in a standard ASTM C l 09 mortar at 0.05 and 0.1 %, produced 

compressive strength increases of 10% on average when cured at 100% RH and 35°C. 

Similarly, the same dosages of retarders also produced signifi cant strength gains in 

mortar when cured at 55°C [36]. The compressive strength results of mortar tests cured 

at 35 °C are presented below. 
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Figure 2.10. Effect of sodium gluconate and sucrose on the compressive strength of mor tar cured at 

35°C & 100% RH [36). 

Another concern that should be considered when using chemical admixtures in hot 

environments is the phenomenon of increased slump loss. Slump loss in the earl y stages 

of bat ching is thought to mainly occur as a result of the interaction of calcium sulphate 

with the aluminate phases of cement. The use of a chemical admixture can upset the 

balance between the tricalcium aluminate and soluble sulphate phases of PC resulting in 

mild or severe flash setting. This causes rapid loss in workability, or slump loss. 

Increased contents of gypsum can be used to offset some of these qualities however, the 

use of more gypsum raises the potential for long term expansion associated with sulphate 

attack [34] . 
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A study by Soroka et al. found that the use of water reducing retarders actually increased 

slump loss rather then decrease it when the concrete mix was constantly agitated [31]. 

ASTM type D and G admixtures were both shown to increase slump loss in hot 

environments as can be seen in Figure 2.11. All three type D admixtures used 
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Figure 2.11. Effect of type D admixtures on slump loss. (Initial slump 95~1l5mm, temperature 30°C. 

(31) 

increased the rate of slump loss over sustained agitation at 30°C. It is hypothesized that 

when concrete is kept continually agitated the insoluble layer of calcium salts of the 

retarder are slowly warn away allowing hydration to continue. Since the admixture 

imparts a reduced water content in the mix, the cement particles have a smaller solids 

spacing factor and thus hydration products are likely to more rapidly bridge between 

cement particles leading to lost workability. Retarders were also shown to increase the 

rate of plastic shrinkage cracking in most specimens cured at high temperatures. This 

was a result of increased evaporation at the surface coupled with a slower development of 

tensile strength [31]. 

Plasticizers can be used to retemper concrete mixtures that have lost a substantial level of 

workability over their delivery time [30]. A study by Ravina and Mor demonstrated that 

increased dosages of plasticizers, exceeding the manufacturers recommendations, should 

be used when long delivery times «30 minutes) are to be expected [35]. They also 
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found that incorporating the plasticizers either initially on site or retempering with more 

on site produced substantial gains in slump that were able to over come losses in 

workability due to long mixing times and increased mixing temperatures. Figures 2.12 & 

2.13 illustrate the slump gains possible when plasticizers are added initially and then used 

to retemper at varying times over the mix cycle [35]. 
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Figure 2.12. Slump pattern with repeated additions at 30 & 70mins. Figure 2.13. Slump pattern with 

repeated additions at 50 & 90 mins. 

The study was able to conclude that prolonged mixing at high temperatures intensifies the 

formation of hydration products, such that a plasticizer will have little affect below a 

certain dosage. However, secondary additions of small doses do have a large effect on 

slump when batches are first mixed with medium to high dosages of plasticizers [35]. 

Retarders and plasticizers have been used extensively in the concrete construction 

industry for many years. However, the above brief review illustrates that there are many 

factors that have to be considered before selecting the proper admixture, dosage, time of 

dosage and method of dosage. These concerns also apply to manufacturing high 

performance ready mix concrete, and an extensive lab test program must be carried out to 

evaluate the use of any admixture before it is put into routine service. 
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2.7 - Conclusion 

As can be seen from the above literature review on concrete principles batched and cast 

in hot climates, a lot of information is in existence on how to mitigate strength and 

durability loss ofRMC as a result of high temperatures. This literature review was used 

to design a comprehensive test program for ameliorating the strength and durability 

losses of high performance RMC and RCC cast in hot weather environments. Proper 

curing practices, mineral and chemical admixture selections and dosage rates were all 

selected based on influences from previous research. The results of a test program 

performed on high temperature, low and high slump, concrete will be presented in the 

following sections. 
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Chapter 3 

Experimental Details and Materials 

3.1- Phase I: Experimental Procedures, Mortar 

3.1.1 - Objectives 

To investigate the efficacy of using various raw cement hydration retarders at elevated 

temperatures at early curing ages. As an ancillary benefit, it was also investigated 

whether the three retarders tested could reduce the water demand and high cement 

contents that would otherwise be necessary to achieve target compressive strengths in hot 

and humid environments. 

All testing was performed using a Type VII moderate sulphate resisting Portland cement 

acquired from Lafarge North America. This cement was selected as a result of its wide 

use in arid and tropical climates around the world. The chemical composition for the 

cement can be viewed in Section 3.5.1. 

Testing of mortar cubes was performed prior to large scale concrete batching in order to 

narrow the scope of the retarder type and dosage selection. Sucrose, Sodium Gluconate 

and Corn Syrup were selected for mortar testing based on their simple defined structure. 

These three chemicals are common ingredients in many proprietary retarders and water 

reducers. It was hoped that by testing these in their pure form it would give an indication 

of which direction should be taken for larger concrete batching. Testing the compressive 

strength of the mortar cubes consisted of several steps that will be explained next. 
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3.1.2 - Preparation of Retarder Solutions 

Prior to preparing 20% solutions of the retarders, the solids content of each was measured 

according to the procedure in Appendix D. Solutions of Sucrose, Sodium Gluconate and 

Com Syrup were prepared according to Table 3.1. 20% solutions were chosen to obtain 

good solubility of the admixtures. 

Table 3.1. Preparation of retarder solutions. 

Concentration 

Compound (% Solids) Preparation Method 

Sucrose 20% (50 grams/solids content*) were dissolved in 250 

mls of distilled water. 

Sodium 20% (50 grams/solids content*) were dissolved in 250 

Gluconate mls of distilled water. 

Com Syrup 20% (50 grams/solids content*) were dissolved in 250 

mls of distilled water. 

*The raw materials contained some water. Only the solids were considered when preparing the solutions. 

3.1.3 - Preparation of Batching Equipment 

Curing was performed at temperatures of23, 35 and 50°C at 100% RH (According to 

the schedule presented in Table 3.2). For tests above room temperature, all materials 

required for the batch (ie. cement, water and sand) had to be weighed and conditioned 

for several hours prior to testing in suitable air tight containers contained within an 

oven. The mixing bowl, mixing paddle and moulds were also conditioned at the same 

temperature as the materials. 

1. When testing was set to begin, one set of materials was removed from the 

oven and temporarily placed in a foam lined container followed by the mixing 

bowl and paddle. 

2. All materials were covered and transferred to the batching area. 
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3. Just prior to commencing batching, the bowl and mixing paddle were removed 

from the foam container and installed on the small Hobart mixer. 

3.1.4 - Batching Procedure 

Mixing was conducted according to ASTM C 1 09 and mortar sufficient to mould nine 50 

mm cubes was mixed during each batch. The mortar was batched with a cement to sand 

ratio of 1 :2.75 and the mixing procedure utilized is presented next. 

1. After the mixing bowl and paddle were installed on the mixer, water followed by 

the appropriate amount of retarder was added to the bowl with a 5 ml syringe. 

2. The mixer was then switch on at a slow speed for 10 seconds to disperse the 

retarder. 

3. The standard mixing procedure of ASTM C305 was then followed for all 

remaining steps. With the one exception that all materials were stored in a 

insulated container until utilized in the mix. 

4. Initially batches of mortar were mixed at 23°C without admixtures in order to 

establish the water demand for the reference mortar. The w/c ratio necessary was 

determined through the use of a flow table. Measurement of flow was conducted 

utilizing the procedure presented in the next section. The w/c ratio was modified 

in order to establish a flow of 100+/-10%. Once this w/c ratio was established it 

was maintained throughout testing in order to limit variables and make the results 

comparable. 

5. Batches of mortar suitable were mixed according to the schedule presented in 

Table 3.2. After compressive strength testing had been completed, the optimum 

dosages of each admixture had their batches repeated. 
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Table 3.2. Batching and curing schedule for Phase I of the test program. Each X represents one 

batch of 9,50 mm mortar cubes. 

Dosage Initial 24 Hour Curing Temperature 

Retarder %w/w* 23°C 35°C 50°C Comments 

Control X X X Batches repeated twice. 

Sucrose i·0.05 X Optimum dosage 

0.1 X X repeated twice 

0.15 X 

0.2 X 

Sodium Gluconate 0.05 X Optimum dosage 

0.1 X X repeated twice 

0.15 X 

0.2 X 

Corn Syrup 0.05 X Optimum dosage 

0.1 X X repeated twice 

0.15 X 

0.2 X 
.. * addIttve sohds relattve cement 

3.1.5 -Mortar Flow Measurement 

1. A mortar flow table meeting the requirements of ASTM C230/C230M was 

utilized for all flow testing. 

2. Prior to testing, the flow table was first wiped down with a wet rag and allowed to 

air dry. 

3. The flow mould was placed in the middle of the table and mortar was added in 

two lifts and compacted 20 times for each lift. 

4. Once the mould was filled, the mortar was cut to a plane surface by drawing a 

small triangular hand trowel down the centre of the mortar surface. This 

procedure was repeated with a sawing motion 3 to 4 times or until a smooth clean 

surface flush with the top of the mould was obtained. 
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5. The steel mould was then carefully removed and the table was dropped through a 

height of 12.5 mm, 25 times over a period of 15 seconds. 

6. The diameter of the mortar was then measured in four locations using a standard 

mortar caliper and recorded on the batch summaries presented in Appendix A. 

7. All mortar flow testing was completed according to the standard procedures of 

ASTM C1437. 

3.1.6 - Specimen .Moulding and Curing Procedures 

1. All cube moulds were assembled and sprayed with a release agent prior to mortar 

moulding. 

2. Each mix design required nine sample cubes; three moulds per mixture. 

3. For each cube, two lifts of mortar were compacted with 32 tamps each according 

to the standard compaction procedure of ASTM C109. 

4 .. When tamping was completed, the surface of the mortar extended slightly above 

the top surface of the moulds. A trowel was then drawn across the surface of the 

moulds in a sawing motion. 

5. The excess mortar was scraped from the trowel and then drawn across the surface 

of the mould in the opposite direction. 

6. This procedure was repeated 3 to 4 times or until a smooth surface, flush with the 

top of the moulds was established. 

7. Care was taken to ensure that the cubes were not over finished and bleeding did 

not occur. 

8. Immediately after the cubes were moulded and finished, they were placed in 6 mil 

polyethylene bags lined with a layer of water saturated rags. 

9. The bags were then tightly closed via a zip lock and placed in an oven at the 

predetermined batch and cure temperature. 

10. Care was taken to ensure damage to the bags did not occur so that they would 

remain air tight during the 24 hour high temperature curing period. 

11. All specimens were cured for an initial period of 24 hours at either 23, 35 or 50°C 

and 100% RH according to the batch schedule presented in Table 3.2. 
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12. After the initial 24 hour curing period the cubes were removed from their moulds 

and placed in a curing room (maintained at 23+1-2°C and 100% RH) for their 

allotted curing time. 

l3. The compressive strength of three cubes from each batch were determined at 24 

hours, 7 days and 28 days according to procedures outlined in ASTM C109. 

The data summaries for all information relating to casting, measuring and testing the 

mortar test specimens can be found in Appendix A. 

3.2 - Phase IIa & lIb Experimental Procedures 

3.2.1 - Objectives 

To investigate the efficacy of using chemical admixtures and various supplementary 

cementing materials at elevated temperatures. Specifically, the strength development of 

concrete having a slump of 100 mm was compared with dry mix concrete (roller 

compacted concrete) when the mixing and curing temperatures for the first 1 to 3 days 

were 23, 35 and 50°C. The objective was also to determine whether the two types of 

concretes differ in their susceptibility to the effects of high initial temperatures at early 

and later ages. 

For Phase IIa, increases in batching temperature lead to increases in water content to 

maintain a constant consistency. As a result, it was investigated if the reduction of 

strength loss was solely dependent on the reduction of the increased water cement ratio at 

high temperature. In particular, a polycarboxylate-based high range water reducer 

(Commercial Material #1 or HRWR), an aqueous solution of lignosulfonate and 

compound carbohydrates, water reducer and retarder (Commercial Material #2 or WR

Ret. Adm.) as well as the retarder and water reducer Sodium Gluconate selected from the 

first portion of the study were tested in ready mix batches. The performance of concrete 

containing Class C and Class F fly ashes and ground granulated blast furnace slag was 

also investigated. 
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For Phase IIb ofthis program, the perfonnance of the SCMs mentioned in the previous 

paragraph were evaluated exclusively in roller compacted concrete mixes. The same 

early high temperature ranges were utilized so that the results could be compared. 

All testing was perfonned using a Type VII moderate sulphate resisting Portland cement 

acquired from Lafarge North America. The chemical composition for the cement can be 

viewed in Section 3.5.1, along with the chemical composition of all SCM's utilized. 

Also, the technical data sheets for the raw chemical admixtures can be found in Appendix 

J. 

3.3 - Phase IIa: Experimental Procedures, Ready Mix Concrete 

3.3.1 - Material Testing 

Prior to batching, all materials had their physical properties detennined. 

The concrete sand and Dundas 1imestone (14 to 5 mm) had their saturated surface dry 

densities and absorptions detennined according to ASTM C127 and C12S. Also, they 

had their gradations detennined according to the standard procedure of ASTM C136 and 

the bulk densities of both materials were detennined according to the procedure of 

ASTM C29. The physical data of all raw materials utilized in the concrete batches can be 

found in Section 3.5.2 and 3.5.3. 

It should be noted that all mix designs were developed according to the PCA volumetric 

mix design procedure. This mix design process was developed into an excel spread sheet 

which automatically calculated mix proportions for a one cubic meter yield. An example 

of this program can be viewed in Appendix G. Prior to mixing, all aggregates had their 

water content established according to the procedure listed in Appendix E unless 

otherwise noted. Also, moisture contents of all aggregates were measured according to 

the procedure listed in Appendix F. 
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3.3.2 - Testing the Fresh Mix 

At the conclusion of bat ching each mix, the slump was tested to ensure that it was within 

the 100 +/- 10 mm limits before 100 x 200 mm cylinders were cast if applicable. The 

slump of each ready mix batch was measured according to the standard equipment and 

method listed in ASTM C143. The air content of each ready mix batch was also tested 

according to the standard pressure method listed in ASTM C231. Prior to batching, the 

air content of each mix was assumed to be a theoretical value of 2%. Once the actual air 

content had been measured this value was used to recalculate the actual mix proportions 

of all ingredients. These results are reported in the mix design summaries in Appendix B. 

For mixes batched at temperatures above 23°C the concrete mix temperatures were 

measured via a calibrated dial thermometer at the conclusion of the mixing cycle. When 

slump and/or air content tests were being performed, the remaining quantity of concrete 

from the corresponding batch was left in the heated mixer to maintain temperature before 

being cast into cylinders if applicable or discarded if outside of the design specifications. 

All slump, air content and temperature results are reported in the mix design summaries 

located in Appendix B. 

3.3.3 - Mix Design Development 

For this portion ofthe program, a cement content of 450 kg/ml was maintained for 

preliminary batching to establish the water demand of the ready mix batches at 23°C. A 

high cement content of 450 kg/m3 was selected for testing due to the high strength, high 

performance concrete that was desired to be produced. Concrete sand and limestone 

conforming to ASTM C33 were utilized for all batches of ready mix and roller 

compacted concrete. All batching was performed according to the procedure listed in 

Table 3.3. 
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Table 3.3. Concrete batching procedure. 

Time Elapsed 
Mixer Speed Initial Time Interval Time 

Description (On/Off) (rpm) (Minutes) (Minutes) (Minutes) 

Mixer should be moist with no free water 

1 Introduce Limestone Off 

2 Introduce Concrete Sand Off 

3 Mix On 20 rpm 0 0.5 0.5 

4 Introduce 90-95% of the mix water On 20 rpm 0.5 0.5 1 

5 Stop mixer - Introduce cement and/or Off 1 0.25 1.25 
supplementary cementing material(s) 

6 Start mixer On 20 rpm 0 0.5 0.5 

7 Add plasticizer (over 5 s, distributed), if On 20 rpm 0.5 0.5 1 
applicable 

8 Add water, if necessary On 20 rpm 1 2 3 

9 Stop mixer - scrape walls of mixing bowl Off 3 3 6 
or pan 

10 Start mixer On 20 rpm 6 2 8 

11 Stop mixer, start testing Off 8 5 13 

Note: Method developed by Philip Zacarias of Shaw Cor Ltd. 

Initially, 15 kg trial batches containing 65% limestone to 35% sand by aggregate volume 

and varying water cement (w/c) ratios were mixed using a 20 Liter, Hobart HL200 mixer 

(pictured in Figure 3.1. below). This was done in an effort to establish the w/c ratio 

necessary to achieve a slump of 100 +1- 10 mm. The first batch was mixed at a w/c ratio 

of 0.40, producing a slump of 60 mm. The initial w/c ratio of 0.40 was selected as a 

starting point from information gathered from the literature review. Due to the low 

slump, the next batch was mixed with a w/c ratio of 0.45 and produced a slump of 110 

mm. Since this was at the upper end of the confidence interval for consistency, the mix 

was again repeated with a w/c ratio of 0.445. This batch produced a slump of 105 mm 

and was selected as the final water cement ratio. However, over the course of these 

batches, it was noted that the mix had a very sandy consistency, leading the author to 

believe that the sand content of the mix was too high. As a result, the limestone content 

of the aggregate blend was increased from 65% to 70% by aggregate volume and more 

trial batching was conducted. 
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Figure 3.1. The Hobart HL200 Paddle \'lixer used for all 
ready mix preliminary batching. 

A batch containing 70% limestone by aggregate volume and a wic ratio of 0.445 was 

mixed next This batch produced a concrete that was qualitatively determined to contain 

a pr0per sand content and a slump of 100 mm. Having satisfied all the requirements of 

the reference mix, this batch wus repeated a further two times to ensure that the results 

were accurate. Slumps of 100 and 95 mm were achieved on subsequent batches. As a 

result. this mix design was selected as the 23°e reference. 

The mix proportions of all trial batches tested can be found in Appendix B.1 

3.3.4 - Mix Design - Cement Content 

Following the establishment of the water cement ratio and aggregate proportions for the 

reference batch, a series of 65 kg mixes were batched at 450, 500 and 550 kg/m3 cement 

content using a Sicoma Lab pan mixer. 12 cylinders were cast for each batch and cured 
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in a curing room maintained at 23+/-2°C and 100% relative humidity. Three cylinders 

were tested at 1,3, 7 and 28 days for compressive strength. This was done in an effort to 

ensure a cement content of 450 kglm3 was the maximum amount of cement necessary to 

produce a maximum compressive strength for this high performance ready mix, mix 

design. 

It should be noted that the 550 kglm3 batch had its w/c ratio reduced to 0.395 in order to 

have its paste content and consistency maintained. This represented a reduction in the 

w/c ratio of approximately 11 %. Similarly, the 500 kglm3 batch had its w/c ratio reduced 

to 0.420, representing a 5% reduction in water cement ratio. The limestone, concrete 

sand ratio was maintained in order to make results comparable. The mix proportions, 

densities and compressive strengths for the 450, 500 and 550 kglml cement content 

batches can be found in Appendix 8.2. 

3.3.5 - Establishing the Water Content for Reference Batches at 35 and 50°C 

Once the 23°C reference mix design had been established, it was necessary to establish 

the reference mix designs for 35 and 50°C. In order to make these batches comparable, 

the mix designs were established based on the principle of constant consistency. Trial 

batching was performed with materials preconditioned at 35 and 50°C in a preheated pan 

mIxer. 

The preconditioning of materials prior to batching was done according to the blending 

procedure presented next. 

1. 24 hours before batching was set to begin, enough aggregate necessary to finish 

the following day's mixes was shoveled onto a polyurethane coated 4x8 sheet of 

plywood on the floor. 

2. The aggregate was misted with water so that it would have a total water content 

greater than its absorption value (i.e., water content when the aggregate is 

saturated surface dry). 

3. The aggregate was then blended by turning the pile over several times. 
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4. This was accomplished by having two technicians with shovels positioned 

opposite to each other, digging into the base of the pile and dumping the 

aggregate on top of the pile. The technicians moved one step clockwise or 

anti clockwise after each shovelful, and repeated until they had made four to six 

revolutions. 

5. After the aggregate was thoroughly mixed, it was then placed into a series of 20 

liter pails and sealed with air tight lids. 

6. The pails were placed into a large lab oven programmed to maintain either 35 or 

50°C. 

7. The aggregate pails were allowed to condition at the elevated temperature for 24 

hours before being removed for batching. 

8. This procedure was repeated for both the limestone and concrete sand separately. 

9. Similarly, enough cement, SCM(s) and water necessary to complete the following 

days batching was also sealed in 20 liter pails and placed in the ovens to condition 

over night. 

10. Before being removed the following day, a thermometer and infra-red 

temperature gun were used to double check that the reference batch temperature 

had been achieved in all materials. 

11. On the morning of bat ching, the Sicoma Lab pan mixer had its heating elements 

set to the necessary batch temperature. The elements consist of two 300 mm x 

300 mm resistive heating pads adhered to the bottom of the pan of the Sicoma 

mixer. The temperature was controlled via a thermo couple mounted on the 

bottom of the pan mixer. Pictures of the mixer and heating elements can be found 

in Figure 3.2a and 3.2b below. 

12. The pan of the mixer was allowed to preheat for as long as was necessary to 

achieve a constant temperature of35 or 50°C throughout its base and side walls. 

This was confirmed through the use of an infra-red temperature gun. 

13. Once the mixer had reached its batch temperature, the materials were removed 

from the ovens, quickly weighed according to a pre-established mix design and 

the mixing procedure displayed in Table 3.3 was utilized to complete a mix. 
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Figure 3.2a&3.2b. Pictured in Figure 3.2a is the Sicoma Lab Pan Mixer used for all large batch 
ready mix batching. Pictured in Figure 3.2b is the bottom of the mixing pan with heating elements 
and thermal couple used to control the temperatu re of the mixing pan. 

Once all materials and equipment were preconditioned at 35 or 50°C, 30 kg trial batches 

were mixed using the Sicoma heated pan mixer. A series of mixes were conducted over 

which the w/c ratio was gradually increased incrementally until the water demand at both 

35 and 50°C could be established for a consistency of 100 +/- 10 mm. All trial mixes 

were discarded after slump measurements were performed. At the conclusion of this 

process it was determined that a water cement ratio of 0.465 for 35°C and 0.496 for 50°C 

were necessary to maintain a 100 +/- 10 mm consistency. 

After the mix designs for 35 and 50°C were established, a series of four 65 kg batches for 

each temperature were cast. For each batch, 12 cylinders were cast and cured according 

to the procedure presented next. 

3.3.6 - Casting and Curing l OOx200 mm Cylinders 

For each of the four 65 kg batches mixed in the Sicoma mixer at 35 and 50°C, 12 

cylinders were cast. All ready mix cylinders in this program were moulded and finished 

according to the consolidation procedure outlined in ASTM C 192. All moulding of 
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cylinders was completed within 30 minutes of the beginning of bat ching to minimize the 

heat loss of the concrete. The fi rst three batches of concrete at both 35 and 50°C had 

their cylinders cured at elevated temperature according to the schedule presented in Table 

3.4. Prior to being placed in ovens at elevated temperature, the cylinders 

~ ____ ~:::j- Air Tight Lid 

Figu re 3.4. Diagra m of 20 liter pails used for 
cu ring cyli nders at elevated temperature. 

20LPail 

Plastic Grating 

Water~el 

Spacers 

were placed into 20 liter pails on top of 25 mm's of plastic grating. Below the grating 

was approximately 500 mls of water. The 20 liter pai ls were sealed with air tight lids to 

ensure that 95-100% relative humidity was maintained in the pails throughout the curing 

process. A diagram of the curing pails utilized can be seen in Figure 3.4. 

Table 3.4. Elevated temperature curing schedule. 

Batch Temperature J!!C) 35 35 35 50 50 50 
Curing Temperature (!!C) 35 35 35 50 50 50 
Batch Number 1 2 3 1 2 3 
Oven Cure Duration (days) 1 2 3 1 2 3 
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Each of the first three batches were cured for either 1, 2 or 3 days to determine the 

necessary length of the high temperature curing period that produced the greatest 

reduction in compressive strength. At the conclusion of the high temperature curing 

period, all cylinders were demoulded and either tested for 1 or 3 day strength or placed in 

a 23+1-2°C curing room maintained at 100% relative humidity for the remainder of their 

curing period. After it was determined that there was a negligible difference in 

compressive strength between cylinders cured for 1, 2 or 3 days at elevated temperature, 

the fourth batch for each temperature was cast and cured for 1 day at 35 or 50°C. These 

results were duplicated in order to create a larger pool of data for the reference mixes that 

the rest of the high temperature batches would be compared to. 

3.3.7 - Preparing lOOx200 mm Cylinders for Compressive Strength Testing 

All 100 x 200 mm concrete cylinders cast in this program were capped with sulphur 

compound prior to being tested for compressive strength according to the standard 

procedures of ASTM C617. After the sulphur mortar was allowed to cure for the 

necessary time period, all cylinders were tested for compressive strength according to 

ASTMC39. 

3.3.8 - Supplementary Cementing Materials 

Once the reference mix designs and high temperature curing period had been established, 

batches utilizing SCM's were mixed. 75 kg batches were mixed for all SCM addition 

rates presented in Table 3.5 at all three temperature levels. For all 75 kg batches, 15 

cylinders were moulded and cured. At this stage, an extra three cylinders were moulded 

for rapid chloride permeability testing at 56 days of age. This testing will be further 

explained in a following section. 

A Grade 80, ground granulated blast furnace slag from Lafarge, Stoney Creek was 

utilized at cement replacement rates of 25 and 40%. The same w/c ratios as the reference 

mixes were maintain for all temperature levels. This was done because very little change 

in consistency from the reference batches at all temperatures was noted. 
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A Class F Hatfield and a Class C Edgewater fly ash from Lafarge were also utilized at 

this stage of the program. To maintain a constant consistency, each batch had its water 

content reduced accordingly. Reductions in water content varied according to the type of 

fly ash and the cement replacement rate. Initial water reductions were estimated from the 

literature review and mixes were discarded and repeated if consistency was out of 

specification. 

The final mixes conducted with SCM's consisted of two ternary blends. The ternary 

blends tested were made up of an equal volume ratio of slag and Class C fly ash. For 

example; the 15% Ternary blend consisted of substituting 30% of the Portland cement by 

volume with 15% fly ash and 15% slag. These batches also had their water contents 

reduced accordingly to maintain a constant consistency of 100+/-10 mm. It should be 

noted that all cement replacement rates were selected after an extensive literature review. 

These replacement rates were deemed to have the greatest potential for positive effect on 

the concrete. 

Table 3.5. Supplementary cementing material addition rates. 

Supplementary Cementing Materials 
Cement Replacement 

Rate (%) 
Batch #1 Batch #2 

Blast Furnace Slag 25 40 
Class F Fly Ash 15 25 
Class C Fly Ash 20 30 
Ternary Blends 15 20 
1(50/50, Slag & Class C Fly Ash} 

3.3.9 - Chemical Admixtures 

For this portion of the study, ready mix concrete batches were mixed with the addition of 

chemical admixture. As was previously mentioned, three admixtures were investigated. 
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1. Commercial Material #1 (HRWR) 

2. Commercial Material #2 (WR-Ret. Adm.) 

3. Sodium Gluconate 

For the 23°C reference batches with HRWR, dosages that would provide a 5 and 10% 

water reduction were selected for testing. For the retarders utilized, dosages were 

selected that provided a good balance between water reduction (2.5 and 5.0%) and 

retardation. 

In order to establish what dosage rates would be necessary to produce the reductions in 

water demand desired, 10 kg trial batching was performed using the Hobart mixer. The 

same cement and aggregate contents were utilized as previous mixes, however in this 

case the water reductions were established before the batches were mixed. The water 

reductions were selected from either a review of available technical literature or for the 

case of Sodium Gluconate, from its performance in Phase I of the test program. Batches 

were repeated while gradually increasing the dosages of admixtures until the optimum 

dosage necessary to achieve the set water reductions were established. The dosages 

utilized in the program can be seen in Table 3.6. 

Table 3.6. Addition rates for chemical admixtures. 

Chemical Admixtures 
Addition Rate (% mass 

relative to cement) 
Mix#1 Mix #2 

Commercial Material #1 0.05 0.12 
Commercial Material #2 0.08 0.17 
Sodium Gluconate 0.1 0.2 

After the dosage rates of each admixture were established these addition rates were 

utilized for batches mixed at 35 and 50°C. All water cement ratios, dosages and 

consistency results for the above mentioned batches can be seen in Sections B.3 to B.5 of 

Appendix B. 
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3.3.10 - Rapid Chloride Permeability Testing (RCPT) 

For all 75 kg batches, three cylinders were cast for durability testing. These cylinders 

were cured for 56 days until being prepared and tested for RCPT according to ASTM 

C1202. 

The 100 x 200 mm cylinders were saw cut into 100 x 51 mm sections via a Target PAS 

2HP-l HP WET diamond concrete saw pictured in Figure 3.5. One 51 mm section was 

cut from each of the three cylinders and labeled accordingly. For RCPT testing two of 

the three sections were randomly selected from each set of three. Two sections from all 

75 kg batches of concrete, at all three temperature levels, were tested with the exception 

of a few of the non optimum admixture addition rates. These results can be seen reported 

in the results chapters. 

Figure 3.5. Target concrete saw used 
for preparing cylinders for RCPT. 
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3.4 - Phase lIb: Experimental Procedures, Roller Compacted Concrete 

For Phase lIb of the program the same raw materials used in Phase IIa were also utilized. 

However, roller compacted concrete (RCC) mixes were only batched with the addition of 

SCM's, and not chemical admixtures. Water reducing and retarding admixtures have had 

only limited use in RCC. Both have been shown to produce possible benefits in 

producing additional compactibility and extended setting time. (ACI 325) However, the 

scope of this study was limited to focus solely on ameliorating the reduction in 

compressive strength and durability through the use of SCM's. 

The RCC mix designs were proportioned based on the same principle of constant 

consistency as in the ready mix program with the exception that a different consistency 

and consistency test method were utilized. The mix design, moulding and specimen 

testing procedures will be presented next. 

3.4.1 - Mix Design 

The procedures outlined in ACI 325 were followed to proportion the mix design for the 

reference RCC concrete batch. Mixture proportioning was conducted using both the 

principle of consistency testing, utilizing a modified VeBe apparatus, and establishing 

optimum water contents and fine aggregate contents through the use of soil cement 

methods. The establishment of coarse and fine aggregate and water contents will be 

explained first. 

3.4.2 - Soil Compaction Method 

In order to produce high performance, high strength RCC, a cement content of 350 kg/m3 

was selected for testing. This is at the upper range of potential cement contents 

recommended in ACI 325 (208 to 356 kg/m3) and was selected to ensure a maximum 

deleterious effect on durability and compressive strength would be exhibited through the 

effect of high initial temperature on the hydration rate and products of the cement paste. 

Once the cement content of the mix was established, is was next necessary to establish 
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the coarse/fine aggregate ratio and the water content necessary to produce a RCC mix 

with optimal consistency, density and compactibility with minimal permeability. This 

was done through batching and casting Proctors (an example of the mould and 

compaction hammer is illustrated in Figure 3.6 below) over a range of water contents and 

coarse/fine aggregate levels. The fi nished proctors were then assessed based on the 

criteria mentioned above. Moulding Proctors in this manner is commonly referred to as 

producing moisture density curves and is often used to determine the optimum moisture 

content necessary to achieve maximum compacted density for granular layers of road 

bases. 

Figure 3.6. Proctor Mould, Filling Collar and Compaction Hammer. 

3.4.3 - Preparing Materials, Mixing, Moulding and Curing at Room Temperature 

Prior to mixing batches of RCC, all aggregates were blended according to the procedure 

of Appendix E, except where noted for batches above room temperature. After the 

aggregates were blended and sealed in 20 liter pails, a sample of aggregate from each pai l 

(resealed after sampling) was acquired for moisture determination. The moisture content 

of all aggregates was determined according to the standard procedure outlined in 

Appendix F. 

49 
PROPERTY OF 

RYERSON UNIVERSITY UBRARY 



Next, mix ingredients sufficient to mix 10 kg batches were proportioned according to 

Table 3.7. Mixes containing 35,40 and 45% fine aggregate by total aggregate volume 

were selected for testing as advised by ACI 325. A void content of 5% was assumed for 

all theoretical mixes. All mix designs were proportioned utilizing the same volumetric 

mix design spread sheet developed in Phase IIa and shown in Appendix G. Mix 

proportions for each batch can be seen in Appendix C. For each individual batch, empty 

pails were tarred on a scale and the required quantity of aggregate, cement and water was 
'"' 

weighed into separate pails and sealed until batching. The mixing procedure presented in 

Section 3.3.3 was utilized for all RCC batches, with the exception that the Hobart HL200 

mixer was used for the preliminary moisture density work only. 

Table 3.7. Mix proportions for RCC moisture density curves. 

Number of Cement Content Coarse/Fine Theoretical Void W/C Ratio 
Series Batches (kg/m3) Aggregate Ratio Content (%) Range 

1 5 350 55/45 5 0.30 to 0.38 
2 5 350 60/40 5 0.30 to 0.38 
3 5 350 65/35 5 0.30 to 0.38 

Note: W Ie ratios were Increased by 0.02 Increments for each subsequent batch In a senes. 

Once the mixing cycle had concluded, two Proctor specimens for each batch were 

moulded according to the procedure listed in Appendix H. Finished proctors were cured 

in a moisture room maintained at 23+/-2°C and 100% RH for 24 hours. The moulds were 

placed on shelving and covered with plastic sheets to prevent any free water dripping 

onto the exposed concrete. Proctors were demoulded at 24 hours and returned to the 

moisture room under plastic sheets to cure for 28 days. 

3.4.4 - Testing Proctors 

After 28 days of curing, the Proctor cylinders were removed from the moisture room and 

patted dry with a rag for a sufficient time such that their surfaces attained the saturated 

surface dry condition. The Proctors were then capped with sulphur compound according 

to ASTM C617, with the exception that a modified capping jig was utilized. The 

standard capping jig utilized for 100 x 200 mm concrete cylinders had to be modified to 
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have a vertical V block that was short enough to allow a Proctor to be capped on both 

sides. A picture of the modified V block can be seen in Figure 3.7. 

Figure 3.7. Modified Capping Jig. 

After the Proctors were capped and the sulphur mortar was allowed to cure for the 

necessary time period prescribed in ASTM C617, the Proctors were tested for 

compressive strength according to ASTM C39. 

3.4.5 - Calculating Density and Void Content 

The weights taken for each proctor after finishing (according to the procedure of 

Appendix H) were used to calculate the wet density of each mix design. This density was 

calculated using the following equation: 

Mass of Wet Proctor (g) = Density (kg/m3
) 

Volume of Proctor Mould (ml) 

These densities were then used to calculate the actual void content and mix proportions 

that are presented in Appendix C. I. Also, these calculated densities were used to form 
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the moisture density curves for each fine/coarse ratio of aggregates; i.e. the water cement 

ratio of each batch was graphed vs. the average density of the two Proctors moulded at 

that water content. Also, the compressive strength and void content were graphed against 

the water cement ratio for all mixes. These graphs can be seen in Sections 4.6.4, 4.6.5 

and 4.6.6. When these graphs were compared based on aggregate content, the optimum 

performing fine/coarse ratio (55% limestone to 45% sand) that produced a high density 

and minimum void content (or permeability) while also producing a strong compressive 

strength was selected as the final fine/coarse ratio for the reference mix. However, the 
.,; 

consistency of the batches also had to be taken into consideration before a final reference 

mix could be established. 

A water cement ratio of 0.36 was selected as the reference water level after the data was 

reviewed. This water level was selected due to its high density, relatively low 

permeability, high compressive strength and ease of compactibility. It should be noted 

that although higher water cement ratios at this aggregate ratio produced lower void 

contents, the consistency of the mix was considered to be too fluid for RCC. As noted in 

ACI 325, the consistency of a fresh RCC mix must be such that it can be efficiently 

compacted by a vibrating roller. It must also be able to support the weight of a vibrating 

roller without significant rutting after compaction. 

3.4.6 - Measuring the Consistency of the Reference Mix Design 

Once it had been determined that the 55% coarse to 45% fine aggregate ratio at a water 

cement ratio of 0.36 produced the optimum results for the RCC mix in terms of strength, 

density and void content, the next step was to quantitatively measure the consistency of 

this reference mix. This was performed by batching a series of identical concrete mixes 

in triplicate and testing for consistency. The consistency test was performed utilizing a 

modified VeBe device. The tester used for testing will be explained next. 

In order to test the consistency of the roller compacted concrete, a modified VeBe 

apparatus was constructed at a reduced scale of the apparatus outlined in ASTM Cl170. 

The size of the device was reduced for two main reasons. The first is that in order to 

52 



batch, test and mould specimens at high temperature, it is necessary to perform all tasks 

at an accelerated rate. This is to ensure that the temperature of the concrete is not 

allowed to fall more than a few degrees below the allotted 35 or 50°C batch temperature 

before being placed in the ovens for curing. As a result, a device that contained a smaller 

mould as well as surcharge allowed the test to be performed faster. The second reason 

this was performed was to conserve materials. The VeBe apparatus outlined in ASTM 

Cl170 specifies testing 13.4 +/- 0.7 kgs of material per test. When batching RCC, 

especially at high temperature, it is not possible to test a batch for consistency and then 

return the tested specimen to the mixer for a modification to the water cement ratio if the 

consistency is out of spec. The elevated temperature causes a significantly increased rate 

of hydration and remixing a batch with increased water content would not have produced 

accurate results. Instead, all batches were either discarded or m'oulded and retained if 

within specifications, immediately following the modified VeBe test. In order to 

minimize the use of material, smaller batches of concrete were tested. Drawings as well 

as measurements of the modified VeBe tester utilized can be seen in the Figures below. 

It should be noted that although the modified VeBe apparatus had the mould and 

surcharge mass and dimensions reduced, a constant amount of surface pressure relative to 

the actual VeBe tester was maintained in design. 

S3 



1------168.3 - - -----1 

146.3 

121.2 

1---------203.2--------1 

Mass: 9.4 kg 

I r- 22
.
Z 

1==138.7 

508.0 

63.5 
t 

19.0 

Mass 93 kg 

Figure 3.8. & 3.9. On the left Figure 3.8 displays the dimensions and total mass of the Modified VeBe 
mould. On the right Figure 3.9 displays the dimensions and mass of the surcharge. Drawings are not 
to scale. All dimensions are in mm. 

Figure 3.10. A rendered drawing of the modified VeBe apparatus. Drawing includes; Syntron 
vibrating table, surcharge suspension arm, surcharge, mould and clamps. 
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15 kg batches ofRCC were mixed at the previously mentioned cement, aggregate and 

water content. After each batch finished its final mixing cycle according to the schedule 

presented in Section 3.3.3, the concrete was then immediately transferred to the modified 

VeBe apparatus and tested for VeBe time according to test Method A, outlined in ASTM 

C 1170. This method was followed directly with a few exceptions. The first is that a 

sample of concrete weighing 3.3 +/- 0.2 kg was used to fill the mould and the second was 

the modified dimensions of the apparatus previously mentioned. It should also be noted 

that the mould was secured to the vibrating table via two large over centre clamps during 

operation. 

If ASTM C 1170 is followed directly, the VeBe time (or time to total compaction) is 

recorded as the amount oftime it takes to form a mortar ring in the annular gap between 

the mould wall and the base of the surcharge. Once this ring is formed, the time is 

recorded and the sample is further vibrated for a total of two minutes and then density 

measurements are conducted. If a sample does not produce a mortar ring in under two 

minutes the test is aborted and the RCC is considered of too stiff a consistency. For the 

VeBe measurements performed in this study, VeBe time was measured as the time to 

total compaction (or the time in which no further vibration caused a decrease in volume 

and thus an increase in density of the concrete specimen contained in the mould under the 

surcharge). This measurement was performed using an electronic caliper. The distance 

between the supporting cross beam of the surcharge and the top surface of the surcharge 

was measured at four second intervals. The sample was considered fully compacted 

when no further movement of the surcharge weight was recorded during successive 

vibration. If a sample reached its fully compacted position in less then 35 seconds the 

mix was considered too stiff and the water content was increased. This number was set 

as the limit after reviewing the results of repeated VeBe tests of the reference mix at 0.36 

w/c ratio. The mix that contained a w/c ratio of 0.36 was previously determined to have 

the best balance of consistency, density, permeability and compressive strength. As a 

result, the only step necessary was to determine the quantitative consistency of the mix so 

that it could be duplicated with other mix designs. The results of three identical repeated 

batches are presented in Table 3.8. 
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Table 3.8. Modified VeBe test results for the reference RCC mix. 

Date 12-Jul-09 12-Jul-09 12-Jul-09 
Trial 1 2 3 
W/C 0.36 0.36 0.36 

Test Time 10:00 11:00 12:00 
VeBe Time (sec) 36 40 40 
Density (kg/ml) 2026.7 2041.1 2034.3 

It should be noted that the procedure for measurement ofVeBe time found in ASTM 

Cl170 was modified for this program because the published ASTM method is based on 

qualitative not quantitative observations. For this program, a more accurate quantitative .; 

measurement procedure was utilized. 

3.4.7 - Batching with SCM's 

Once the reference mix design for the RCC program had been established, it was next 

necessary to create the mix designs for all other batches. The RCC mix program 

involved casting five different mix designs at three temperature levels. The only mix 

ingredient that was changed between temperature levels was the amount of water (or w/c 

ratio). For subsequent increases in batch temperature, the water level had to be increased 

to maintain constant consistency. The water demand for all batches was determined 

using the modified VeBe apparatus. Small 15 kg trial batches were utilized when 

necessary to establish the reference water contents at 35 and 50°C. Once the water 

cement ratios had been established for the reference mix at all three temperature levels 

(23,35 and 50°C), water reductions were made to maintain constant consistency with the 

addition of SCM's. 60 kg batches were mixed and moulded according to the schedule 

presented in Table 3.9. The complete mix proportions of all RCC batches can be found 

in Appendix C.2.1, C.2.2 and C.2.3. The batching and moulding procedures are 

presented next. 
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Table 3.9. Theoretical mix proportions of all final RCC batches. 

Mix Temperature 
23!lC SCM Limestone! Water Theoretical 

Cement Content Replacement Sand Volume Cement Void Content 
Batch # (kglm3) Rate (%) Ratio Ratio (%) 

1 350 - 55/45 0.360 5 
2 350 40- GGBFS 55/45 0.360 5 
3 350 30 - Class C FA 55/45 0.353 5 
4 350 15 - Ternary Blend 55/45 0.355 5 
5 350 20 - Ternary Blend 55/45 0.356 5 

3S!lC SCM Limestone! Water Theoretical 
Cement Content Replacement Sand Volume Cement Void Content 

Batch # (kg/m3) Rate (%) Ratio Ratio (%) 
6 350 - 55/45 0.376 5 
7 350 40 - GGBFS 55/45 0.376 5 
8 350 30 - Class C FA 55/45 0.361 5 
9 350 15 - Ternary Blend 55/45 0.368 5 
10 350 20 - Ternary Blend 55/45 0.365 5 

SO!lC SCM Limestone! Water Theoretical 
Cement Content Replacement Sand Volume Cement Void Content 

Batch # (kglm3) Rate (%) Ratio Ratio (%) 
11 350 - 55/45 0.396 5 
12 350 40 - GGBFS 55/45 0.396 5 
13 350 30 - Class C FA 55/45 0.380 5 
14 350 15 - Ternary Blend 55/45 0.388 5 
15 350 20 - Ternary Blend 55/45 0.384 5 

3.4.8 - Batching RCC Cylinders 

Prior to mixing 60 kg batches ofRCC at room temperature, all aggregates were blended 

according to the procedure of Appendix E. However, for aggregates intended for batches 

at 35 or 50°C, the aggregates were blended and preconditioned at elevated temperature 

according to the procedure presented in Section 3.3.5. Prior to batching, the moisture 

content of all aggregates was determined according to the standard procedure outlined in 

Appendix F. 

Next, mix designs sufficient to mix 60 kg batches were proportioned according to Table 

3.9. A theoretical void content of 5% was assumed for all mixes in order to achieve a 

1m3 yield. All mix designs were proportioned utilizing the same volumetric mix spread 

sheet developed in Phase lIa and shown in Appendix G. For each individual batch, 

empty pails were tarred on a scale and the required quantity of aggregate, cement and 
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water was weighed into separate pails and sealed until batching. The mixing procedure 

presented in Section 3.3.3 and the Sicoma pan mixer, were utilized for all RCC batches. 

For batches mixed at elevated temperature, care was taken to ensure a minimal amount of 

heat was lost from all mix constituents during weighing. 

3.4.9 - Moulding RCC Cylinders 

At the conclusion of the mixing cycle for each 60 kg batch, consistency measurements 

were conducted with the modified VeBe tester according to the method outlined in 

Section 3.4.6. If it was deemed that the batch was within the previously established 

consistency limits, twelve 100 x 200 rom cylinders were cast for each batch. The 

concrete cylinders were prepared according to ASTM C1435 with the exception that 100 

x 200 rom cylinders were used instead of 150 x 300 mm cylinders and compaction with 

an impact hammer was stopped when no further downward vertical movement of the 

tamping plate was observed. A picture of the impact hammer, tamping plate, mould 

sleeve and finishing tools can be seen pictured in Figure 3.11. Also, the'exact moulding 

procedure followed can be found in detail in Appendix 1. 
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Figure 3.11. Impact hammer, tamping plate, mould sleeve with filli ng collar 
and finishing tools. 

After fi lling, compaction and finishing, the cylindrical concrete specimens were 

immediately placed in either a moist room maintained at 23 e C and 100% RH or in sealed 

20 litre pails suspended above water (diagram pictured in Figure 3.3.4) in an oven 

maintained at 35 or 50e C. All specimens were demoulded at the age of ~23 hours and 

one set of 3 cylinders was tested for compressive strength at 24 hours after being capped 

with sulfur compound according to ASTM C39; the remaining cylinders were cured at 

23 e C in the moisture room until the time of testing at 7 and 28 days. Three cylinders 

were tested at each of the 1, 7 and 28 day test periods. The remaining three cylinders 

were cured for 56 days in the moisture room and then removed and tested for rapid 

chloride permeabili ty according to ASTM C1 202. 
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3.4.10 - Testing for Rapid Chloride Permeability 

Just as in Phase IIa of the test program, the three 56 day 100 x 200 mm cylinders were 

saw cut into 100 x 51 mm sections via a Target PAS 2HP-l HP WET diamond concrete 

saw. One 51 mm section was cut from each of the three cylinders and labeled 

accordingly. For RCPT testing, two of the three sections were randomly selected from 

each set of three. Two sections from all 60 kg batches of concrete, at all three 

temperature levels, were tested. All results from the RCC testing can be found reported 
,; 

in Section 4.6,4.7 and 4.8 and Appendix C. 
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3.5 - Material Properties 

3.5.1 - Cement and Supplementary Cementing Materials 

Table 3.10. Chemical analysis of cement and supplementary cementing materials. 
Not., Lithium Tetraborate Fusion - (C'P % Weight Major and MinorOxides 

Analyte SiOz AI10 3 FeZ03 MnO MgO CaO Na10 

Type 1111 Portland Cement, Lafarge 21.14 4.67 2.81 0.17 2.67 63.64 0.21 

Grade 80 GGBFS, Stoney Creek., Lafarge 37.5 10.77 0.49 0.758 12.98 36.38 0.5 

Class C FA, Edge Water, Lafarj,le 39.57 19.99 5.89 0.026 4.58 24.13 1.68 

Class F f'A, Hatfield, Lafarge 48.16 22.39 13.64 0.03 1.43 5.94 0.86 

3.5.2 - Chemical Admixtures 

Table 3.11. List of chemical admixtures. 

Chemical Admixture Supplier 

K10 

0.76 

0.64 

0.52 

1.73 

Phase I Sodium Gluconate Canada Chemicals 

Corn Syrup Casco 

Sucrose Casco 

Phase IIa Sodium Gluconate Canada Chemicals 

Ti01 

0.232 

0.534 

1.549 

1.167 

Water Reducing Admixture Commercial Material #1 

Retarding Admixture Commercial Material #2 

Note: All Technical Data Sheets and information for all chemical 
admixtures used in this program can be found in Appendix J. 
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0.15 2.28 98.74 132 

<0.01 0.18 100.7 1.42 

1.11 0.95 100 0.52 
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3.5.3 - Concrete Sand 

ASTM C33 Concrete Sand 

Table 3.12. Aggregate Physical Properties 

Loose Bulk Density (kglml) 1825.0 

Saturated Surface Dry Density (kglm3) 2.65 

Apparent Density (kglml) 2.69 

Absorption (%) 1.00 

Table 3.13. Aggregate Gradation Specifications 

Standard Sieve Size (mm), Cummutative % Passing 

ASTMC33 0.15 0.3 0.6 1.18 2.36 4.75 9.5 

Minimum 0 5 25 50 80 95 100 
Maximum 10 30 60 .85 100 100 100 

Concrete Sand ... .4 20.0 55.4 79.9 90.5 96.6 100.0 

ASTM C33 Fine Aggregate Specification 

Sieve Size (mm) 
0.15 0.3 0.6 1.18 2.36 4.75 9.5 

100 100 
I 

90 
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90 
....... Maximum 

80 80 

~ 70 70 "C 
~ "' .. ., 
'-" n 
OJ) 60 60 1'1> 

.5 :I ... 
'" "C '" 50 50 1\1 » 

Q.. '" '" - S· = 40 ·40 <1# I1Q 

f:! --<1# 30 30 ~ Q.. --~--

'-' 

20 20 

10 -~~-~ 10 

0 ·0 
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Sieve Size (mm) 
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3.5.4 - Limestone 

Dundas 14-5mm Limestone 

Table 3.14. Aggregate Physical Properties 

Dry Rod Bulk Density (kg/ml) 1628.8 

Saturated Surface Dry Density (kg/ml) 2.78 

Apparent Density (kg/m3) 2.79 

Absorption (%) 0.18 

Table 3.15. Aggregate Gradation Specifications 

Standard Sieve Size (mm), Cummulative % Passing 

ASTMC33 0.075 4.75 6.7 9.5 13.2 16.0 

Minimum 0 0 25 40 90 100 

Maximum 5 15 50 70 100 100 

Limestone 0.6 6.3 23.5 65.3 96.6 100.0 

ASTM C33 Coarse Aggregate Specification 
Sieve Size (mm) 

0.075 4.75 6.7 9.5 13.2 16.0 

100 .. 100.0 

90 90.0 
"'-Maximum 

80 _Dundas Limestone 80.0 

- 70.0 
-. 

~ 70 ~ .. '-" '-' 
OJ) 

60 60.0 
OJ) 

.5 .5 
'" '" '" '" 50 50.0 ~ ~ 
~ ~ .... .... 

= 40 40.0 = ... ... eo; eo; 10, 10, 
30.0 ... ... 30 ~ ~ 

20 20.0 

10 10.0 

0 0.0 

0.075 4.75 6.7 9.5 13.2 16.0 

Sieve Size (mm) 
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Chapter 4 

Phase I: Experimental Results and Analysis for Mortar 

4.1- Scope 

For this portion of the study, three cement hydration retarders were investigated in a 

mortar program. 

1. Sucrose 

2. Sodium Gluconate 

3. Corn Syrup 

; 

The compressive strength and water demand results of the mortar mixes will be presented 

next. 

4.1.1 - Reference Mortar Results 

Initiall y batches of mortar were cast according to the standard mix design outlined in 

ASTM ClO9. A water cement ratio of 0.519 was established as the reference water 

content after testing for flow according to ASTM C230. Once the final mix design was 

established, two batches, each consisting of nine 50 mm mortar cubes, were cast at 23, 35 

and 50°C. 

The average compressive strength results for 6 mortar cubes tested at 1, 7 and 28 days 

and cured at three different temperatures are presented in Figure 4.1. As predicted, the 

increased curing temperature produced higher 1 day compressive strengths. Curing at 35 

and 50°C resulted in an 11.3% increase in compressive strength respectively at 1 day 

when compared to the 23°C results. However, this initial gain in strength was later 

negated at 7 days of age. At 7 days, the 23°C batches gained compressive strength at a 

much faster rate than the other high temperature batches. This is predicted to have 

occurred due to the development of a poorly hydrated microstructure in the higher 
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temperature batches. When the 28 day results are analyzed a similar trend as the 7 day 

results is exhibited. The 23°e strengths continue to perform the best as expected, 

exceeding the 35 and 500 e results by 17.4% respectively. However, contrary to popular 

knowledge, the 35°e and 500 e samples produced compressive strengths identical in 

results at 28 days of age. This was an unexpected result due to the difference in strengths 

recorded at 7 days of age as well as the commonly reported idea that an increased curing 

temperature produces an increased deleterious effect on later age compressive strength 

results. It is not known conclusively why this relation occurred as all batches of mortar 

were identical in proportions and curing schedule with the exception of temperature. It is 

hypothesized that the 15°e difference in temperature gradient might not have been large 

enough to produce a significant effect on the microstructure of the mortar cubes. As 

well, the 27 day cure period at 23°e, after the initial high temperature cure, allowed 

enough time for the cubes to recover from the initial exposure to adverse temperature. 

However, the one conclusive result that can be drawn from this portion of the program is 

that temperature does have a significant effect on compressive strength at both early and 

later ages. 

The average flow results for all reference batches can be seen in Table 4.1. Increasing 

the curing temperature from 23 to 35°e produced a moderate reduction in flow followed 

by a greater reduction when increased to 50oe. These results agree with practical 

knowledge of high temperature concreting whereby increases in batching temperature 

cause decreases in consistency. 
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Figure 4.1. 1, 7 and 28 day compressive strength results for reference mortar batches. 

30 

Table 4.1. Average flow of refe rence mor tar batches tested according to ASTM C230 at three 

temperature levels. 

Average Flow of Reference Batches (%) 
232C I 352C I 502C 
103.5 I 58.0 I 51.5 

4.1.2 - Raw Retarders Tested at 35°C 

For batches of mortar tested at 35°C, dosages of 0.025, 0.05 and 0.1 % by solids weight 

relative to cement were utilized. This range in dosages was selected in an effort to try 

and establish the optimum level of retarder addition that produced the greatest positive 

impact on ameliorating the detrimental effects on compressive strength from curing at 

35°C. Also, similarly to the previous section, impacts on the consistency of the batches 

was also measured and reported. 

The 0.025% dosage rate for all retarders produced very little effect on compressive 

strengths at all ages, as can be seen in Figure 4.2. However, an initial reduction in the 

hydration rate and thus the early age compressive strength was observed. For the results 

at 28 days only the Sucrose produced a small gain in compressive strength of2.2%. 
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Figure 4.2. 1, 7 and 28 day compressive strength results for 0.025% retarder dosages cured at 35°C. 

The next admixture addition rate tested was 0.05% solids by cement mass. At this 

dosage, both the Sucrose and Sodium Gluconate produced increases in compressive 

strength at 1 day of age in contrast to the reduction produced by the Com Syrup. This 

was a common theme for the 0.05 and 0.10% dosage levels at 35°C. The Com Syrup had 

a stronger retarding effect at early ages than both the other admixtures. The increases in 

compressive strength at 1 day created by the aforementioned retarders is thought to be 

due to their abili ty to moderately retard the concrete to allow a more uniform, consistent 

hydration to occur. However, it appears that the combination of high temperature and the 

use of retarders produced a beneficial synergistic effect at this test age as they not only 

negated any loss in strength but also produced a moderate positive effect. 

When the mortar was tested at 28 days of age, the Sucrose continued to perform the best 

with a gain in strength of 12.1 % compared to the next best, Sodium Gluconate with a 

4.6% increase. The Sucrose produced only a minor increase in strength and was 

considered to be mostly ineffecti ve. All three retarding admixtures had a significant 

effect on the water demand at thi s addition rate. 
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Figure 4.3. 1, 7 and 28 day compressive strength results for 0.05% retarder dosages cured at 35°C. 

The final dosage of retarder tested at this temperature level was 0.1 0%. The 1 day 

strength results recorded followed a similar pattern to those of the lower 0.05% dosage. 

However, the 7 day results produced a different pattern then the previously reviewed 

dosage. Sodium Gluconate produced the highest increase in strength from 1 to 7 days. 

This was fo llowed by Sucrose and Corn Syrup. The 28 day results echoed this pattern 

with Sodium Gluconate producing the highest strength activi ty of 14.1 %. 

For this dosage level the Sodium Gluconate had the greatest improvement on flow with 

an increase of36% followed by Sucrose and Corn Syrup when compared to the reference 

batch. 

When all the 35°C results are taken into perspective, the Sucrose had the most effect on 

compressive strength at the two lower dosage levels. However, Sodium Gluconate 

displayed the highest abili ty to ameliorate reductions in compressive strength at 35°C 

when all dosages are reviewed. A dosage of 0.1 0% was able to produce 28 day strength 

results that were only 3.0% less then the reference mix cured at 23°C. Also, Sucrose and 
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Sodium Gluconate displayed a very similar ability to reduce losses in consistency at 

elevated temperature. 

Detailed graphs of 28 day strength activi ties for all batches at 35°C can be seen reported 

in Figure 4.5 to 4. 7. 
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Figure 4.4. 1, 7 and 28 day compressive strength results for 0.10% retarder dosages cured at 35°C. 

Table 4.2. Average flow of 35°C mortar batches tested according to ASTM C230. 

Average Flow at 35QC (%) 
Dosage (%) 0.025 0.050 0.100 
Sucrose 90.0 101.0 86.0 
Sodium Gluconate 83.0 93.0 90.0 
Corn Syrup 91.0 92.0 79.0 
Reference 58.0 
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4.1.3 - 28 Day Compressive Strength Activity Results for 35°C Results 

All strength activities are reported as a percentage of the 28 day compressive strength 

achieved by the reference batch at 35°C. 

3 

2 

~ 1 
~ ·s 

~ 0 

E, 
c: 
~ -1 
(jj 

~ 
'iii -2 

~ 
c. 
5 -3 
o 

-4 

-5 

Morta r Batches 

Cl Sucrose - 0.025% 

Cl Sodium Gluconate -
0.025% 

• Corn Syrup - 0.025% 

14 

12 

~o 
·S 

~ 
-= 8 CI 
c: 
~ 

~ 6 
> 
'iii 

~ 
C.4 
E 
o o 

2 

o 
Mortar Batches 

• Sucrose - 0.05% 

• Sodium Gluconate -
0.05% 

Cl Corn Syrup - 0.05% 

Figure 4.5. & 4.6. 28 day compressive strength activity for 0.025% dosages on the left and 0.05% 

dosages in the Figure on the r ight for mortar cured at 35°C. 
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Figure 4.7. 28 day compressive strength activi ty for 0.10% dosages for mortar cured at 35°C. 
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4.1.4 - Raw Retarders Tested at 50°C 

For batches of mortar tested at SO°C, dosages of 0.02S, O.OS, 0.10, O.IS and 0.20% by 

solids weight relative to cement were utilized. Similarly to the 3S0C program, this range 

in dosages was selected in an effort to try and establish the optimum level of retarder 

addition. However, increased dosage rates were also tested due to the increased retarding 

effect that was hypothesized to be necessary to combat the increased curing temperature. 

Also, similarly to the previous section, impacts on the consistency of batches were also 

measured and reported. 

For dosages ofO.02S%, only Sucrose and Sodium Gluconate were tested. Com Syrup 

was not tested at this dosage rate because it was not considered necessary due to its poor 

performance at 3SoC. 

When the flow results ofthese batches are reviewed (Table 4.3) it can be seen that the 

Sucrose actually produced a reduction in consistency. Also, Sodium Gluconate was 

noted as producing only a 6.S% increase in flow. The low improvement in flow 

produced by the Sodium Gluconate was expected due to the increased hydration rate and 

the low dosage. However, the reduced flow caused by the Sucrose was not expected. 

This illustrates the fact that a more complex relationship must be occurring between the 

hydration products of the cement and Sucrose. Also, the reduced consistency of the 

Sucrose batch could offer a possible explanation to the reduced compressive strengths 

achieved, due to this causing more difficulty with compaction, leading to a more 

permeable microstructure. However, this theory can not completely explain the 

reductions in strength due to Sodium Gluconate producing a small improvement in 

consistency while also producing a similar reduction in compressive strength. 

Although the explanation of these results is inconclusive, the one conclusion that can be 

drawn is that a dosage of 0.02S% was ineffective in ameliorating the compressive 

strength loss at SO°C. 
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Figure 4.8. 1, 7 and 28 day compressive strength results for 0.025% retarder dosages cured at 50°C. 

At s dosage of 0.05% the retarders had a more significant effect on the consistency of the 

mixes. Sucrose was able to maintain the flow of the reference batch and Sodium 

Gluconate and Com Syrup were able to produce moderate increases in flow relative to 

the reference batch. This is thought to have occurred due to the stronger initial retarding 

effects of these admixtures. Compressive strength results can also be seen in Figure 4.9 

below. 
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Figure 4.9. 1, 7 and 28 day compressive strength results for 0.05% retarder dosages cured at 50°C. 

For the dosage of 0. 10%, a change in the level of retardation at early ages was exhibited. 

Sucrose began to have more of a prominent retarding effect when compared to previous 

tests, including all samples cast at 35°C. Also the Com Syrup began to have the least 

retarding effect at early ages which is the fi rst time this behavior had been displayed. At 

28 days of age, Sodium Gluconate was the only retarder that performed well. However, 

even this retarder still had a negative 28 day strength activity of 2.0% when compared to 

the reference batch. 
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Figure 4.10. 1, 7 and 28 day compressive strength results for 0.10% retarder dosages cured at 50°C. 

Next, mortar batches were mixed with a retarder dosage of 0.15%. At this dosage and the 

curing temperature of 50°C, all retarders failed to produce an increase in compressive 

strength at 28 days of age. Also, the Com Syrup and Sucrose produced only moderate 

increases in f1ow . 
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Figure 4.11. 1, 7 and 28 day compressive strength results for 0.15% retarder dosages cured at 50°C. 

The fi nal dosage rate tested with these three retarders was 0.20%. At thi s rate both the 

Com Syrup and Sucrose caused extreme retardation of the mix at 1 day of age. This level 

of retardation exceeds accepted values and rules out this high dosage level for both 

retarders. In contrast to these two, the Sodium Gluconate produced 1 day strengths that 

were very similar to the reference batch. At the 50°C level of testing, the 0.20% dosage 

of Sodi um Gluconate produced the most effecti ve result in mitigating strength loss at 7 

and 28 days. The 7 day strength of the mortar was only 7.3% below that of the 23°C 

reference and the 28 day result was equal to the 28 day 23°C results. 

When the flow results are analyzed for the 0.20% Sodium Gluconate addition rate, only a 

6.5% increase in flow was noted. As can be seen in Table 4.3 , the Sodium Gluconate had 

only a limited water reducing effect at all dosage levels. However, when the flow results 

for all the batches cast at 50°C are compared based on their ability to provide a water 

reduction, it is apparent that no one retarder performed very well. As a result, the 

improvement in compressive strength provided by the Sodium Gluconate at elevated 

temperatures far exceeds any benefit achieved from water reduction of the other two 

retarders. 
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Detailed graphs of 28 day strength activity for all batches at 50°C can be seen reported in 

Figures 4.1 3 to 4.17. 
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Figure 4.12. 1,7 and 28 day compressive strength results for 0.20% retarder dosages cured at 50°C. 

Table 4.3. Average flow of 50°C mortar batches tested according to ASTM C230. 

Avera ~e Flow at 50!!C (%) 
Dosage (%) 0.025 0.050 0.100 0.1 50 0.200 
Sucrose 38.0 52.0 58.0 68.0 79.0 
Sodium Gluconate 55.0 66.0 55.5 48.0 55.0 
Corn Syrup - 60.0 59.0 58.0 37.0 
Reference 51.5 
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4.1.5 - 28 Day Compressive Strength Activity Results for 50°C Results 

All strength activities are reported as a percentage of the 28 day compressive strength 

achieved by the reference batch at 50°e. 
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Figure 4.13. & 4.14. 28 day compressive strength activity for 0.025% dosages on the left and 0.05% 

dosages in the Figure on the r ight for mortar cured at 50°C. 
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Figure 4.17. 28 day compressive strength activity for 0.20% dosages cured at 50°C. 

4.1.6 - Discussion 

When the 35°C results are analyzed in their entirety, it can be seen that the optimum 

performing retarder is Sodium Gluconate. At a dosage of 0.1 0%, it provided negligible 

levels of retardation at 1 day of age and proved to provide the maximum increase in 

compressive strength at both 7 and 28 days with strength activities of 15.4 and 14. 1 %. 

Also, at this dosage rate an increase in flow of 35.6% when compared to the reference 

mix at 35°C was exhibited. 

The 50°C results also echoed the selection of Sodium Gluconate as the best performing 

retarder. At a dosage of 0.2% by cement weight, Sodium Gluconate produced negligible 

reductions in strength at 1 day of age. This is a significant result when compared to 

Sucrose and Corn Syrup at the same dosage which produced 80.0 and 100.0% reductions 

in strength at 1 day of age. Also, Sodium Gluconate produced the largest increase in 

compressive strength at 7 and 28 days with strength activities of 27.9 and 34.4% 

respectively. 
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It is hypothesized that Sodium Gluconate was able to perfonn more efficiently than both 

Sucrose and Com Syrup because ofits strong calcium chelating ability. Sodium 

Gluconate has the ability to fonn soluble, complex molecules with calcium ions, thus 

temporarily inactivating these ions and slowing down the hydration reaction. Although 

Sucrose and Com Syrup can also fonn bonds with calcium, they are not as strong as 

those fonned by the Sodium Gluconate. 

Some attention should also be drawn to the fact that all retarders tested produced negative 

28 day strength activities when cured at 50°C for all dosages less than 0.20%. The reason 

for this is not known, however, it highlights the importance of selecting the proper dosage 

rate for retarders when curing mortar at very high temperatures. 

Due to the aforementioned results, Sodium Gluconate was selected as the raw retarder to 

be included in the ready mix program that will be presented next. 

4.2 - Phase IIa: Experimental Results and Analysis for Ready Mix Concrete 

4.2.1 - Scope 

For this portion ofthe study, three supplementary cementing materials and three chemical 

admixtures were investigated in a ready mix concrete program to detennine what effect 

they had on ameliorating the deleterious effects of exposure to elevated temperatures at 

early curing ages. Also, as an ancillary benefit, it was investigated whether the three 

admixtures tested could reduce the water demand and high cement contents that would 

otherwise be necessary to achieve target consistency and compressive strengths in hot 

and humid environments. Once the samples were cured for 56 days, they were also 

tested for durability. 

Class C and F fly ash were selected for nonnal slump concrete testing based on their 

proven use in the concrete industry. They were also selected for their varying ability to 

influence the hydration of the cement paste through a pozzolanic reaction. Similarly, 
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Grade 80 ground granulated blast furnace slag was selected for testing to help reduce the 

rate of cement hydration at increased temperatures. 

After a review of Phase I of the research program, Sodium Gluconate was selected as the 

most effective raw admixture for cement mixtures cured at 35 and 50°C. It provided the 

greatest increase in compressive strength at 28 days without retarding the early age 

strength of mortar excessively. The other two chemical admixtures tested were 

proprietary admixtures. The first, HRWR, was a high range water reducer and the 

second, WR-Ret. Adm. was a retarding low range water reducer. There two admixtures 

were selected for testing based on their history of use in hot weather environments. 

4.2.2 -- Establishing the Target Cement Content 

Once the aggregate and water contents had been established for the reference mix design, 

it was next necessary to ensure that the cement content used in preliminary testing was 

the optimum level for producing maximum compressive strengths. Initially mix 

calibration was performed utilizing a cement content of 450 kglm3. This cement content 

was selected because it is at the upper suggested range for high performance concrete 

according to ACt However, cement contents of 500 and 550 kglm3 were also tested to 

ensure that 450 kglm3 was appropriate for achieving maximum strength. The 

compressive strength results can be seen in Figure 4.18 below. It should be noted that the 

mixes presented below had their water cement ratios adjusted in order to maintain 

constant consistency. 
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Figure 4.18. Compressive strength of ready mix concrete cured at 23°C with varying cement 

contents. 

As a result of the limited improvement in compressive strength observed at 28 days of 

age, it was concluded that the 450 kg/m3 cement content was adequate and better 

represented real world application. Following this preliminary investigation, all further 

ready mix concrete was batched with a 450 kg/m3 cement content. 

4.2.3 - Establishing the Duration of the High Temperature Cure Per iod 

Once the final mix design had been establi hed, it was next necessary to determine the 

duration of the high temperature curing period that would produce the most detrimental 

impact on compressive strength and by extension, durability. Batches of ready mix 

concrete were mixed and moulded in 100 x 200 mm cylinders according to the 

procedures outline in Section 3.4. The cylinders were all cured in the same manner with 

the exception that individual batches were cured for 1,2 or 3 days at 35 and 50°C. The 

average compressive strength results of three cylinders tested at 1, 3, 7 and 28 days fo r 

the three curing durations can be seen in Figures 4.19 & 4.20 below. 
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Figure 4.19. Compressive strength of ready mix concrete cured at 35°C for varying duration. 
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Figure 4.20. Compressive strength of ready mix concrete cured at 50°C for varying duration. 
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For the 35°C 28 day results, a negligible difference in compressive strength was recorded 

for the 2 and 3 day cures compared to the 1 day cure period. The 50"C results produced a 

similar trend to the 35°C results with the one exception that the 1 day cure period 

produced the lowest recorded compressive strengths for all test ages. 

The compressive strength results for both the 35 and 50nC curing duration tests produced 

results that are counterintuitive when compared to previous works. It is commonly 

known that the more adverse the curing conditions of concrete, the greater the detrimental 

impact on compressive strength and durability. However, the results of this test appeared 

to display the opposite effect for this mix. It would be understandable if the early age 

results of the 2 and 3 day curing period samples had exceed that of the I day cure results. 

This would have been due to the increased rate of hydration caused by the longer 

exposure to high temperature. However, the fact that the 28 day results of all 2 and 3 day 

tests produced higher compressive strengths then the 1 day curing period was not 

expected. It is hypothesized that the sustained high temperature curing regime p(.,-rformcd 

at in a controlled 100% RH environment helped produce a more completely hydrated 

microstructure. If the humidity had been reduced to simulate an arid environment it is 

thought that the longer curing period at high temperature would have produced a greater 

detrimental impact on compressive strength. 

Although the results obtained in this portion of the study were not entirely expcc.1ed, they 

all were uniform and gave a clear conclusion for the necessary high tcmpt-rature curing, a 

period of 1 day (or 24 hours). Also, the effect that higher curing t("'1l1p,,-ratures had on 

compressive strengths when compared to curing at 23QC, at constant consist("11CY, was 

also very clear. As a result of this data, a high temperature curing period of 1 day was 

selected for all further testing. 
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4.3 - Ready Mix Concrete Cured at 23°C, Results and Analysis 

4.3.1 - 25 and 40% GGBFS Cured at 23°C 

Before batching at high temperature could be performed, it was first necessary to 

establish the impact of the SCMs and chemical admixtures utilized in this program on 

concrete batched and cured at 23°C. It should be noted that the concept of constant 

consistency was continued for this portion of the program. If added constituents 

produced an increase in consistency due to an intrinsic water reduction, the water content 

was adjusted accordingly to maintain a slump of 100+/-1 Omm. 

The first SCM tested was Grade 80 ground granulated blast furnace slag (GGBFS). 

Cement substitution rates of 25 and 40% were selected and maintained throughout the 

entire program after an extensive literature review. These dosages were predicted to 

provide both a mid range impact on concrete properties with 25% addition and a 

maximum impact at 40% addition. 

Although this SCM did not provide a water reduction at a 23°C batching temperature, it 

did produce an impact on compressive strength. As expected, the slag caused a reduction 

in compressive strength at the early test ages of 1, 3 and 7 days. This result was caused 

due to the slower hydrating rate of Grade 80 GGBFS in comparison to Portland cement. 

It is common knowledge that at room temperature the pozzolanic and hydraulic reaction 

rate of slag decreases early age strengths. However, when the 28 day compressive 

strength results are investigated, it can be seen that the 25% addition of slag produced an 

increase in strength activity of7.3%. This result is indicative of published results 

whereby when slag mixes are allowed to cure for adequate amounts of time, increases in 

compressive strength when compared to Portland cement concrete are possible. It should 

be noted that the 40% addition rate of slag at this curing temperature produced a 

reduction in compressive strength at 28 days. The average compressive strength results 

of all cylinders tested with GGBFS at 23°C can be seen in Figure 4.21. 
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Figure 4.21. Compressive strength of ready mix concrete with GGBFS cured at 23°C. 

4.3.2 - 15 and 25% Class F Fly Ash Cured at 23°C 

30 

Following the investigation of GGBFS, concrete containing cement substitution rates of 

15 and 25% Class F fly ash were tested. These substi tution rates were selected based on 

infonnation gathered from the literature review. It was hypothesized that the 15% CIa s 

F fly ash would provide a mid range impact for improving compressive strength and 25% 

Class F fly ash would be at the upper end of the cement substitution limit based on the 

high reactive silica content. 

For this SCM, the 15% addition rate produced an increase \n compressive strength at 1 

day of age. It should be noted that both addition rates produced a 4.0% water reduction 

at 23°C. It is hypothesized that the water reduction had a strong impact on the increase in 

strength of the 15% addition rate at 1 day of age. The 28 day results demonstrated the 

benefit of adding a pozzolanic material to Portland cement as strength increases of 17.8 

and 9.9% were recorded for the two dosage rates. The results of all compressive strength 

tests for this SCM can be seen illustrated in Figure 4.22. 
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Figure 4.22. Compr essive str ength of ready mix concrete wi th Class F fly ash cured at 23°C. 

4.3.3 - 20 and 30% Class C Fly Ash Cured at 23°C 

When Class C fly ash was tested with cement replacement rates of 20 and 30% a similar 

relationship as exhibited by Clc ss F fly ash above was recorded. Moderate strength 

reductions were recorded at the 1 day test age. However, it is predicted that these 

reductions in strength would have been even greater had it not been for a water reduction 

of 6. 1 %. The effects of the slower pozzolanic reaction can clearly be seen at this test age. 

At 28 days, reductions in strength activity were recorded. This result was unexpected and 

can be explained by the faster hydration rate of the Portland cement mix or the fact that 

high calcium fl y ash may contain less reactive silica then the Class F ash. It is predicted 

that if these samples were allowed to cure for a more extended period of time the 

compressive strength of the Class C fly ash supplemented mixtures would exceed that of 

the Portland cement mix. 
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Figure 4.23. Compressive strength of ready mix concrete with Class C fly ash cured at 23°C. 

4.3.4 - 15 and 20% Ternary Blends Cured at 23°C 

The last supplementary cementing material tested was a combination of Class C fly ash 

and GGBFS. The early age strengths produced by these blends of SCM's were lower 

than the reference concrete, as was expected. The large dosage and slower reaction rate 

of the ternary blends caused a reduction in compressive strength at 1 day of age. 

However, the mixes experienced a substantial strength gain at 3 days of age. This rapid 

increase in strength from 1 to 3 days is thought to have occurred due to the combined 

hydraulic and pozzolanic reaction of the cement and SCM's. The strength results at 7 

and 28 days demonstrated the ability of ternary blends to significantly increase the later 

age compressive strength of ready mix concrete. This is accomplished through a more 

uniformly hydrated microstructure. Strength activities of 15.9 and 22.7% were recorded 

for the 30 and 40% addition rates at 28 days of age. It should also be noted that a water 

reduction of 6.0 and 7.0% for the 30 and 40% additions also helped to contribute to 

increased strength activities . This water reduction was produced as a result of a slower 

87 



rate of hydration provided by the SCMs as well as the round structure of the fly ash 

faci litating a more flowing consistency. 
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Figure 4.24. Compressive strength of ready mix concrete with a ternary blend of class C fly ash and 

GGBFS cured a t 23°C. 

4.3.5 - 0.05 and 0.12% HRWR Cured at 23°C 

For batching at 23°C, two dosages were selected that produced water reductions of 5.0 

and 10.0% respectively. These dosages were 0.05% (or 140mlsll OOkg cement) and 

0.1 2% (or 220mlsll OOkg cement). The water reductions were set based on the principle 

of constant consistency and it was hoped that by doing this the ability of water reduction 

to positively effect deleterious strength and durability activities could be investigated. 

At 23°C both dosages of the admixture had an immediate positive effect on compressive 

strength. Simply by reducing the water demand of the ready mix batches by 5 and 10% 

resulted in large gains in strength at I day of age. It should be noted that these water 

reductions also produced a large increase in durability which will be presented in a 

following section. 
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4.3.6 - 0.08 and 0.17% ~ R-Ret. Adm. Cured at 3°e 

30 

For thi portion of the tudy, two do a es were selected for testing. The first, 0.08% (or 

1 3.6ml llOOk of cement) was selected to illustrat only a retarding effect on 

ompre ive trength, while the higher 0.1 00 (or 3 .2mls! lOOk of cem nt) dosage was 

ele'ted ba 'ed on it ability to produce both a retardin effe t and a low range, 5.0% 

water redu tion. When amples were tested at 1 day of age, increases in strength were 

recorded. Th tren..., a tivities of these two dosages at 1 day of age indicat that the 

hi er do age had more of a retardin~ effect then the lower dosage which was to be 

expe ted. The author ha' not been able to conclude xactly why this relationship 

oc llITed at thi curin~ temperature. The partial explanation comes from the water 

r · u 'tion incurred by the hi,-, do-age of admixture. However, further investigation is 

n ces 'ary to fully explain thi phenomenon. 

9 



60 

55 

m 50 
a. 
~ 45 
oS: -ell 40 c: 
CI) ... -Cf) 35 
CI) 

> 
'iii 30 en 
CI) ... 
0. 25 E 
0 
0 

20 

15 

10 

0 5 10 

WR-Ret. Adm. - 0.08%, 0.445 (w /c) 

____ WR-Ret. Adm . - 0.17%, 0.423 (w /c) 

-+-23!!C Reference, 0.445 (w /c) 

15 

Age (Days) 

20 25 30 

Figure 4.26. Compressive strength of ready mix concrete with WR-Ret. Adm. cured at 23°C. 

4.3.7 - 0.1 and 0.2% Sodium Gluconate cured at 23°C 

The fi nal chemical admixture tested in this study was selected based on its perfonnance 

in Phase I of the program. Similarly to the selection of dosages for the WR-Ret. Adm., 

dosages of 0.1 and 0.2% Sodium Gluconate, solids relative to cement, were selected 

based on both their retarding and water reducing abilities. The lower 0.1 % dosage was 

selected to provide a moderate level of retardation with a low 2.5% water reduction. The 

higher 0.2% dosage was selected as the maximum based on a strong retarding effect and 

a moderate 5% water reduction. 

Just like the admixture analyzed above, Sodium Gluconate produced increased 

compressive strengths at low dosage, for tests conducted at 1 day of age and the higher 

dosage produced a reduction in compressive strength. As can be seen from the results, 

the 0.2% dosage had an over powering retarding effect at this curing temperature. 

However, this dosage was still utilized at higher temperatures due to its high perfonnance 

recorded in Phase T of the program. 
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As shown in Figure 4.27, at 28 days of age, this admixture produced the greatest 

increases in strength of any of the admixtures tested. The 0.1 and 0.2% dosages produced 

19.7 and 26.4% increases in strength activity respectively. These increases can only 

partially be explained by the water reduction incurred by their addi tion. Since the 

HR WR produced a much greater reduction in water, but failed to produce as much or 

more increase in strength, it can be concluded that another mechanism was present. That 

mechanism is found within the properties of the admixture and goes beyond the scope of 

this program. 
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Figure 4.27. Compressive strength of ready mix concrete with Sodium Gluconate cured at 23°C. 

4.3.8 - RCPT results for concrete cured at 23°C 

For all ready mix concrete batched and cured at 23°C, all SCMs tested had an impact on 

permeability and by extension, durability. The reference mixes produced an average 

charge permeability of 1914 coulombs when tested for RCPT. This was the greatest 

average permeability for all cylinders tested. When the SCMs are analyzed alone, it can 

be seen illustrated in Table 4.4 that all SCMs produced a reduced permeabi lity with 
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increases in dosages. Out of the individual SCMs tested, the Class F fly ash dosages had 

the greatest effect on penneability with reductions of 55.0 and 64.0% recorded. It is 

hypothesized that this occurred due to a refinement of the microstructure, caused by a 

combination of reduced mix water content and the finer grain structure of the fly ash 

when compared to Portland cement. Also, the low calcium content of the Class F fly ash 

combined with the resulting pozzolanic reaction produces a reduction in calcium 

hydroxide in the paste structure and leads to a more dense, less penneable microstructure. 

However, when the Ternary blends are analyzed, it can be seen that they in fact produced 

the greatest reductions in penneability for all SCMs tested. It is hypothesized that this 

occurred due to the strong water reductions produced by these mixes combined with the 

hydraulic and pozzolanic reaction of the added SCMs. 

When the chemical admixtures are reviewed, it is easy to see that the 0.12% dosage of the 

HRWR produced the greatest reduction in penneability. The only possible explanation 

for this result can be taken from the 10% water reduction produced by this dosage. It is 

interesting to note that although both the WR-Ret. Adm. and Sodium Gluconate produced 

moderate water reductions at this temperature, neither of them produced a significant 

reduction in penneability. 

Table 4.4. RCPT re~ults for aU ready mix concrete cured at 23"C. 

232C 
Batch Type Charge (A) Charge (B) Average Batch Type Charge (A) Charge (B) Average 

REFERENCE 2029 1798 1914 REFERENCE 2029 1798 1914 

25%GGBFS 1320 1300 1310 0.05%HRWR 1623 1657 1640 

4O%GGBFS 1058 1030 1044 0.12%HRWR 1421 1276 1349 

20% CLASS C FLY ASH 897 955 926 0.08% WR-Ret. Adm. 1888 1854 1871 

3O'¥o CLASS C FLY ASH 824 943 884 0.17% WR-Ret. Adm. 2198 1740 1969 

15% CLASS F FLY ASH 839 884 862 0.1% SODIUM GLUCONATE 1766 1578 1672 

25% CLASS F FLY ASH 750 625 688 0.2% SODIUM GLUCONATE 1925 1932 1929 

15% TERNARY BLEND 692 888 790 

20% TERNARY BLEND 655 660 658 

92 



4.3.9 - Ready Mix Concrete Cured at 23°C, Results Discussion 

For the ready mix concrete batched and cured at 23°C, the best performing mix in terms 

of increased strength activity relative to the reference mix was the 0.2% Sodium 

Gluconate batch. The 28 day samples produced a strength activity of26.1 % relative to 

the reference batch as can be seen in Table 4.5 below. However, it should be noted that 

the 1 day strengths were completely retarded and a negligible value for compressive 

strength was recorded. Although this effect occurred at 1 day of age, it was predicted that 

this dosage would perform well at higher temperatures where the increased rate of 

hydration could counter act the early retarding effects. Also, it should be noted that this 

admixture produced this substantial gain in strength with only a moderate, 5.0% 

reduction in water demand and a negligible reduction in permeability. The water demand 

of all mixes batched in this stage of the program can be seen in Tables 4.5 and 4.6 below. 

When the supplementary cementing materials are analyzed on their own, it is plain to see 

that the 20% ternary blend of fly ash and slag produced the greatest increase in 

compressive strength at 28 days of age, with a strength activity of22.7% and the greatest 

reduction in permeability with a reduction of 65.6%. However, just like the dosage of 

Sodium Gluconate mentioned above, the ternary blend produced a significant, 32.8% 

reduction in compressive strength, at 1 day of age. These results coincided with a 7.0% 

reduction in water demand. All 28 day strength activities can be seen illustrated in Figure 

4.28. 

It should also be noted that, there is no clear relationship between strength activity and 

water reduction. In fact, there are batches, such as the 20 and 30% Class C fly ash that 

produced a moderate water reduction of 6.0% but failed to produce positive strength 

activities. From these results it is easy to see that there are many other mechanisms 

involved with producing differences in compressive strength. Also, when the RCPT 

results are reviewed it is plain to see that only the SCMs had a positive effect in reducing 

permeability. Although they did not produce the greatest increases in strength activity. 

all the SCMs cannot be ruled out for use due to their positive effect on durability. 
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All strength activities are reported as a percentage of the 28 day compressive strength 

achieved by the reference batch at 23°C. 

Table 4.5. 28 day compressive strength activities, water cement ratios and % water reductions of ready mix concrete 

batched with SCMs and cured at 23°C. 

GGBFS Class F Fly Ash Class C Fly Ash Ternary Blend 
Reference 25% 40% 15% 25% 20% 30% 15% 

28 DayStrength Activity (%) 7.27 -1.77 17.79 9.92 -1.41 -3.39 15.91 
WIC Ratio 0.445 0.445 0.445 0.427 0.427 0.418 0.418 0.418 
% Water Reduction 0.00 0.00 4.04 4.04 6.07 6.07 6.07 

Table 4.6. 28 day compressive strength activities, water cement ratios and % water reduc,tions of 

ready mix concrete batched with chemical admixtures and cured at 23"C. 

Commercial Material Commercial Material 
#1 #2 Sodium Gluconate 

Reference 0.05% 0.12% 0.08% 0.17% 0.1% 
28 DayStrength Activity (%) 0.32 10.33 8.75 15.43 19.65 
WIC Ratio 0.445 0.423 0.400 0.445 0.423 0.434 
% Water Reduction 4.94 10.11 0.00 4.94 2.47 

40 

35 --~ a... 
S 30 --~--- .. -.----.-.~.---~- .... _----._- ------.~ ... --.. - ...... -
c: e 
J!! 
CII 25 a: 
0 -~ 20 
III 
Q. 

g 15 
o 
~ 

x 
x 

,/ 

x 
---.---~-X-X-----.-.-..... -----...... ----.. 

~ 10,V'-~~--~-~-~~------

~ ~~ i 5+---~~~~~~~~-~-~--· -----~ ....... ---~-- --------------------1 

~ 
~ O+------~--T--------,_-··'~--;T7~-------,------,_--~-----; 

0.2% 
26.35 
0.422 
5.17 

~~ , " X. 
"'r" 2.0 4.0 'X 8.0 10.0 lLO 

~ .L-_________________________ ~~ ________________________ ~ 

Reduction In (w/c) Ratio (o/~ 

Figure 4.28. 28 day compressive strength activity of ready mix concrete cured at 23°C. vs. reduction in 

water cement ratio compared to reference. 

This graph was included to show that a reduction in w/c ratio does not fully justify or explain 

the enhancement in strength achieved for some of the samples. 
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4.4 - Ready Mix Concrete Cured at 35°C, Results and Analysis 

4.4.1 - 25 and 40% GGBFS cured at 35°C 

At this curing temperature, the GGBFS produced no reduction in water demand and only 

a moderate increase in 28 day strength. The 28 day strength activities were recorded as 

5.8 and 5.4% for the 25 and 40% GGBFS dosages, when compared to the 35°C reference 

mix. This gain in strength relative to the reference mix is thought to have occurred due to 

the slower rate of hydration of the slag mixtures resulti ng in a less permeable more 

densely hydrated micro structure. However, when the 28 day strength resul ts are 

compared to the 23°C reference batch, strength reductions of 11.9 and 12.3% are noted. 
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Figure 4.29. Compressive str ength of ready mix concrete with GGBFS cured at 35°C. 
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4.4.2 - 15 and 25% Class F Fly Ash cured at 35°C 

Dosages of 15 and 25% Class F fly ash by total cement volume replacement were utilized 

next. The Class F fly ash mixes produced similar strength activities to that of the GGBFS 

analyzed above. However, unlike the GGBFS, the Class F fl y ash produced a 3.2% 

reduction in water demand. Also, the Class F fly ash appears to have hydrated at a 

slower rate then the slag above. This was expected due to the purely pozzolanic nature of 

this SCM. The 28 day results were very similar to the GGBFS with gains in strength of 

6.2 and 5.3% for the 15 and 25% dosages respectively. The gain in strength produced by 

this material can be partially attributed to the reduction in water demand. Also, 

refinements in microstructure as made evident by the reduced permeabili ty of these 

samples, is hypothesized to have been the leading factor in producing increases in 

compressive strength at 28 days. 
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Figure 4.30. Compressive strength of ready mix concrete with Class F fly ash cured at 35°C. 
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4.4.3 - 20 and 30% Class C Fly Ash cured at 35°C 

The next SCM analyzed at 3SoC was Class C fly ash. The 20% Class C fly ash mix 

produced a moderate increase in strength activity at 1 day of age. The gain in strength 

can be partially attributed to the S.O% reduction in water demand. However, the slower 

hydration reaction created by the fly ash addition can also be seen with the reduced 1 day 

strength of the higher 30% dosage. After the samples were allowed to cure fo r 28 days, 

strength activities of 17.S and 11 .6% relati ve to the 3 SoC reference were achieved . This 

is a substantial gain in strength and directly illustrates the ability of Class C fly ash to 

mitigate reductions in compressive strength caused by curing at high temperature. These 

gains in strength represent strength reductions of 2.3 and 7.6% when compared to the 

23°C results. As a result, the Class C fly ash was the most efficient solitary perfo rming 

supplementary cementing material tested at 3S°C. When the permeabili ty results are 

taken into consideration it can be seen that some of the increase in strength can be 

attributed to a refinement of the microstructure illustrated by an increase in durabili ty 

with the RCPT results presented in a following section. 
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Figure 4.31. Compressive strength of r eady mix concrete with Class C fly ash cured at 35°C. 
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4.4.4 - 15 and 20% Ternary Blends Cured at 35°C 

The same Ternary blends of Class C fly ash and GGBFS utilized at 23°C were also used 

for this stage of the program. These two ternary blends were able to produce the largest 

reduction in water demand for all SCMs tested at this batching temperature; reductions of 

6.0 and 7.1 % for the 15 and 20% dosages respectively. However, these water demands 

were not enough to overcome the slower early rate of hydration incurred when such high 

dosages of SCMs are utilized. The 28 day results produced strength activities of 13.2 and 

15.9% in comparison to the 35°C results. These results represent reduced strength 

activities 5.8 and 3.6% for the 15 and 20% dosages respectively, when compared to the 

23°C reference mix. Although these results were not the highest achieved for the SCM 

testing, they were both in the top three for strength activity for this stage of the program. 

Similarly to the slag and fl y ash results presented above, when the reduced permeability 

results of these two mixes are taken into consideration, it is easy to see how a reduction in 

water demand as well as refinements in microstructure allowed these batches to attain 

increased 28 day compressive strengths. 
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Figure 4.32. Compressive strength of ready mix concrete with Ternary blends of Class C fly ash and 

CCBFS cured at 35°C. 
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4.4.5 - 0.12% HRWR Cured at 35°C 

At a 35°C batching temperature, it was necessary to increase the dosage of the HRWR to 

330mlsll00kg cement in order to achieve an approximate 5.0% reduction in water 

demand. As a result of the high dosage required to achieve only a 5.0% reduction in 

water demand, a 10.0% water reduction was not tested. However, even at this dosage the 

HRWR managed to produce very positive increases in strength activity at all ages when 

compared to the reference mixes. The 28 day strength activity was recorded as 14.4% 

when compared to the 35°C reference. This was equivalent to a modest 4.8% reduction 

in strength activi ty when compared to the 23°C reference. From these results it can seen 

that a high range water reducer can significantly increase compressive strength results at 

all test ages when ready mix concrete is cured at 35°C. 
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Figure 4.33. Compressive strength ofready mix concrete with 0.12% Commercial Material #1 cured 

at 35°C. 
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4.4.6 - 0.08 and 0.17% \VR-Ret. Adm. Cured at 35°C 

The same dosages of this admixture utilized at 23°e were also tested at this stage of the 

program. This was done in an effort to make the results comparable. This was also done 

so that the impact of increased batching and curing temperature could be measured on the 

ability of a low range water reducer to provide water reduction. At a 35°e batching 

temperature, this admixture was unable to provide any water reduction. The increased 

rate of hydration appeared to compromise all facets of water reduction from this product. 

However, even with no water reduction, the admixture was still able to produce positive 

compressive strength results at all test ages. The fact that an increased strength activity 

was observed at early ages again is counter intuitive when using a retarder. Usually the 

general relationship observed when using retarders, even at higher temperature, is a lower 

early age strength followed by an increased later age compressive strength. At 28 days, 

the 0.08 and 0.17% batches produced strength activities of 10.6 and 22.2% when 

compared to the 35°e results. These values represented a reduction of8.0 and an 

increase of 1.7% compressive strength when compared to the 23°e reference batch. The 

higher 0.17% dosage was the first out of all seMs and admixtures tested to produce a 28 

day compressive strength result, at 35°e that exceeded that of its 23°C reference. 
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Figure 4.34. Compressive strength Of ready mix concrete with 0.08 and 0.17% WR-Ret. Adm. cured 

at 35°C. 

4.4.7 - 0.1 and 0.2% Sodium Gluconate Cured at 35°C 

The Sodium Gluconate batches tested at this temperature level again continued to 

produce excellent compressive strength results at all test ages, as can be seen in Figure 

4.35 below. Also, it should be noted that the extreme retardation caused by Sodium 

Gluconate at 23°C and 1 day of age was no longer present. It is hypothesized that the 

accelerated hydration rate produced by the increased batching and curing temperature 

combated the strong early age retarding effect of the high dosage. It should also be noted 

that Sodium Gluconate was able to maintain its 2.5 and 5.0% water reduction it had 

exhibited at the 23°C batching level. It is thought that the water reduction partially 

contributed to the increase in compressive strength at early test ages. However, it should 

also be noted that this retarder again produced increased early age compressive strengths, 

similar to the results for the WR-Ret. Adm. 
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At the 28 day test age, the 0.1 and 0.2% Sodium Gluconate dosages ultimately produced 

strength activities of 12.9 and 42.8%. These values equaled a strength activity of 

negative 6. 1 and positive 18.8% when compared to the 23°C results. 
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Figure 4.35. Compressive strength of ready mix concrete with 0.1 and 0.2% Sodium Gluconate cured 

at 35°C. 

4.4.8 - RCPT results for concrete cured at 35°C 

When reviewing the RCPT results for the ready mix concrete batched at 35°C, it is easy 

to see that the increased reference mix water content as well as the increased curing 

temperature had a large impact on permeability. The 35°C reference mix recorded a 

33.0% increase in permeability over the 23°C reference batch. From this result, the 

importance of reducing mix water as well controll ing hydration at elevated curing 

temperatures is very apparent. Just as with the 23°C results, the Class F fly ash produced 

the greatest improvements in permeability for the individual SCMs analyzed. 

Improvements of37.8 and 58.3% were recorded for the 15 and 25% dosages of Class F 

fly ash respectively. Although these are not as great as was recorded with the 23°C 
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batches, the reduced permeability is enough to lower the permeability of these samples 

below that of the reference 23°C batch. 

At 35°C the Ternary blends also continued to produce the greatest decrease in 

permeability for all combinations ofSCMs tested. The 15 and 20% Ternary blends 

recorded 46.3 and 73.0% reductions in permeability. The 20% dosage was almost able to 

reproduce the permeability of the same batch mixed at 23°C, all while having a 5.3% 

increase in water cement ratio. This result displays the effectiveness of Ternary blends at 

increasing durability for both 23 and 35°C temperature ranges, irrespective of water 

content. 

For the 35 and 50°C temperature levels, only the optimum performing dosage rates for 

compressive strength by the chemical admixtures were analyzed for RCPT. The results 

recorded for samples cured at 35°C can be seen illustrated in Table 4.7. At this curing 

temperature the HRWR was ineffective at reducing the permeability of the samples. 

Also, the 0.17% dosage of the WR-Ret. Adm. produced an increase in permeability of 

48.3 %. The 0.2% dosage of Sodium Gluconate was the most efficient of the chemical 

admixtures at this batch temperature in reducing permeability. This dosage recorded a 

decrease in permeability of 14.7%. It is hypothesized that this occurred due to a 

combined effect of a reduction in water demand and a slower more even hydration of the 

microstructure. 
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Table 4.7. RCPT results for all ready mix concrete cured at 35"C. 

351!C 

Batch Type Charge (A) Charge (B) Average Batch Type Charge (A) Charge (B) Average 

REFERENCE 2682 3041 2862 REFERENCE 2682 3041 2862 

25%GGBFS 1917 I 2215 2066 0.05% HRWR - . . 
4O%GGBFS 1614 1895 1755 0.12%HRWR 2750 2711 2731 

20% CLASS C FLY ASH 2978 2524 2751 0.08% WR·Ret. Adm. . - -
30% CLASS C FLY ASH 1868 1805 1837 0.17% WR-Ret. Adm. 4596 3892 4244 

15% CLASS F FLY ASH 1666 1949 1808 0.1% SODIUM GLUCONATE . -
25% CLASS F FLY ASH 1238 1147 1193 0.2% SODIUM GLUCONATE 2285 2594 2440 

15°,," TERNARY BLEND 1501 1573 1537 

20% TERNARY BLEND 779 766 773 

4.4.9 - Ready Mix Concrete Cured at 35°C Results Discussion 

Just as was the case with the 23°C 28 day results, the 0.2% dosage of Sodium Gluconate 

produced the greatest increase in compressive strength as can be seen illustrated in Table 

4.9. The second highest compressive strength value was produced by the 0.17% dosage 

of the WR-Ret. Adm. This is a different trend then the 23°C results, where the 20% 

Ternary blend out performed all admixtures except the 0.2% Sodium Gluconate. 

However, it should be noted that all SCMs tested produced better results for durability. 

This further complicates the selection of optimum additives for ameliorating strength and 

durability loss at high temperatures. Depending on the design specifications of a given 

project as well as the ambient temperature conditions, a balance of SCMs and chemical 

admixtures would most likely have to be used to produce optimum results. However, the 

testing of blends of both additives is outside the scope of this program. 

At 35°C and 28 days of age, it would appear that the GGBFS and Class F fly ash 

produced a very minimal, almost insignificant impact on compressive strength. Whereas 

Class C fly ash and Ternary blends produced moderate increases in compressive strength. 

When the water reductions are analyzed and compared to the 28 day compressive 

strength activity for each batch no clear relationship is noted. The SCMs had an 
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increasing water reducing effect that generally increased with increasing dosage (with the 

exception of GGBFS). Also, a higher dosage of the HR WR was necessary to achieve 

only a 5.0% reduction in water demand. This eludes to the necessity for careful selection 

of water reducer dosages depending on the batch temperature. This principal will be 

further presented in the following section. 

Another relationship that was recorded was that the low range water reducing qualities of 

the WR-Ret. Adm. seemed to have a negligible effect at higher temperature. However, 

even with this retarded effect it was still able to perform quite well in ameliorating 

compressive strength loss. Also, the high early age compressive strengths indicate that 

the retarding effect as predicted by the manufacturer must have a much more complicated 

relationship when utilized at both 23 and 35°C batch temperatures. 
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All strength activities are reported as a percentage of the 28 day compressive strength 

achieved by the reference batch at 35°C. 

Table 4.8. 28 day compressive strength activities, water cement ratios and % water reductions of ready mix concrete 

batched with SCMs and cured at 35°C. 

GGBFS Class F Fly Ash Class C Fly Ash Ternary Blend 
Reference 25% 40% 15% 25% 20% 30% 15% 

28 DayStrength Activity (%) 5.75 5.28 6.09 5.16 17.35 10.95 13.03 
W/C Ratio 0.465 0.465 0.465 0.45 0.45 0.442 0.442 0.437 
% Water Reduction 0.00 0.00 3.23 3.23 4.95 4.95 6.02 

Table 4.9. 28 day compressive strength activities, water cement ratios and % water reductions of . 
ready mix concrete batched with chemical admixtures and cured at 35°C. 

28 DayStrength Activity (%) 
W/C Ratio 
% Water Reduction 
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Figure 4.36. Compressive strength activity of ready mix concrete cured at 35°C vs. reduction in water 

cement ratio compared to reference. 

This graph was included to show that a reduction in w/c ratio does not fully justify or explain 

the enhancement in strength achieved for some of the samples. 
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4.5 - Ready Mix Concrete Cured at 50°C Results and Analysis 

4.5.1 - 25 and 40% GGBFS cured at 50°C 

For testing at 50°C, the GGBFS again produced moderate early age gains in strength for 

the 25% dosage. The increased strength performance of 25% slag over the 40% slag 

dosage can be explained by the slower hydration of the slag mix at higher dosages 

compared to Portland cement. At 7 and 28 days of age the strength activities recorded 

were almost identical for both batches and were relatively insignificant compared to the 

reference batched. 

It should be noted that although no measureable water reduction was recorded for these 

two slag batches, a qualitative improvement in the workability of the mixture 'as noted. 

This was attributed to the slower hydration rate of GGBFS in comparison to the Portland 

cement. 
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Figure 4.37. Compressive strength of ready mix concrete with GGBFS cured at 50°C. 
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4.5.2 - 15 and 25% Class F Fly Ash cured at 50°C 

The use of Class F fly ash at 50°C produced a 2.0% water reduction for both dosages. 

This was a decreased water reduction in comparison to the 4.0 and 3.2% achieved at 23 

and 35°C respectively. This trend of decreasing water reduction with increasing 

temperature directly illustrates the effect of increased Portland cement hydration rates at 

elevated temperature. The Class F fly ash again produced similar 1 day strength 

acti vities to the previous curing temperatures illustrated in Figure 4.38 below. The trend 

of superior strengths for the lower 15% dosage continued throughout all test ages until 

the 28 day results. When all three temperature levels are considered, the Class F fly ash 

produced decreasing positive effects on reducing compressive strength loss with 

increases in batching and curing temperature. 
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Figure 4.38. Compressive strength of ready mix concrete with Class F fly ash cured at 50°C. 
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4.5.3 - 20 and 30% Class C Fly Ash cured at 50°C 

When the water reducing ability of the Class C fly ash is examined, it can be seen that it 

also decreased in effectiveness with increasing temperature. The water reducing ability 

decreased from 6.0 to 5.0% for batches mixed at 23 and 35°C and continued to decrease 

to only 4.0% for the mix batched at 50°C. The Class C fly ash also had a reduced effect 

on compressive strength compared to the 35°C results. 

It is commonly known that batches of concrete mixed with supplementary cementing 

materials are more susceptible to strength loss caused by improper curing. However, this 

explanation cannot be used to explain the reduced strengths achieved with Class C fly ash 

at 50°C. All specimens were cured in 100% relative humidity with no exceptions. The 

only differing variable was the curing temperature and water demand to maintain a 

constant consistency. As a result, it would appear that Class C fly ash is ineffective in 

producing increases in compressive strength at later ages when batched and cured at 

50°C. 
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Figure 4.39. Compressive strength of ready mix concrete with Class C fly ash cured at 50°C. 
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4.5.4 - 15 and 20% Ternary Blends Cured at 50°C 

The IS and 20% ternary blends utilized in this stage of the program were the only SCMs 

that were able to maintain their water reductions for this batching temperature. However, 

just like the individual SCMs analyzed previously at SO°C, the ternary blends tested failed 

to produce a positive effect on ameliorating compressive strength loss. 
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Figure 4.40. Compressive strength of ready mix concrete with Ternary blends of Class C fly ash and 

GGBFS cured at 50°C. 

4.5.5 - 0.12% HRWR Cured at 50°C 

The same dosage of this admixture that was utilized at 3SoC was also tested at SO°C. 

However, at this batching temperature the same dosage was able to produce a 10% 

reduction in water demand which is S.O% greater then what was produced at 3SoC. This 

result is counter intuitive and can only be explained by the increased batching 

temperature. This dosage was also generally more effective in ameliorating compressive 

strength loss when compared to the reference batch at SO°c. Moderate increases in 

compressive strength were recorded at all early test ages and a 28 day strength activity of 
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19.3% was recorded. The results recorded outperfonned all the supplementary 

cementing materials results combined at 50°C. However, a negative 9.6% 28 day 

strength activity was still recorded when compared to the 23°C reference batch. 
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Figure 4.41. Compressive strength of ready mix concrete with 0.12% HRWR cured a t 50°C. 

4.5.6 - 0.08 and 0.17% WR-Ret. Adm. Cured at 50°C 

For the 50°C curing temperature, both dosages of this admixture continued to produce 

strong results. At 28 days of age the WR-Ret. Adm. produced improvements in 

compressive strength with activities of7 .0 and 20.3% recorded for the 0.08 and 0.17% 

dosages. It should be noted that similarly to the 35°C results, no water reduction was 

recorded while batching at 50°C. Also, the higher dosage continued to produce the 

greatest increases in compressive strength at all test ages . However, when the 28 day 

result for the optimum dosage is compared to the reference 23°C batch, it can be seen that 

a negative strength activity still exists. 
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Figure 4.42. Compressive str ength of ready mix concrete with 0.08 and 0.17% WR-Ret. Adm. cured 

at 50°C. 

4.5.7 - 0.1 and 0.2% Sodium Gluconate Cured at 50°C 

The final mixes cast at 50°C were batches containing 0.1 and 0.2% Sodium Gluconate. 

The results observed for all te ,t ages were very interesting and presented a trend that 

more closely echoed the 23°C results rather then the 35°C results. The reduced 1 day 

strength produced by the higher dosage of Sodium Gluconate was expected at the lower 

curing temperature, however, having not observed this result with the 35°C results it was 

unexpected to see a reduced early age strength at 50°C. It should be noted that both 

dosages of Sodium Gluconate were able to maintain their 2.5 and 5.0% water reduction at 

this batching temperature as well. From these results it would appear that the increased 

temperature had a negative effect on the increased dosage of Sodium Gluconate. The 

only other variable that should be considered is the increased water content of the batch 

necessary to maintain the consistency of the mix. It is hypothesized that the increased 

water content as well as the increased temperature of the 50°C batch had an effect on the 
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solubility of the Sodium Gluconate and increased its abil ity to chelate the free calcium 

ions and slow down the hydration reaction. 
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Figure 4.43. Compressive strength of ready mix concrete with 0.1 and 0.2% Sodium Gluconate cured 

at 50°C. 

4.5.8 - RCPT results for concrete cured at 50°C 

For the 50°C RCPT results, the average permeability for the reference mix continued to 

increase with increases in curing temperature. Similarly, the SCM mixes also continued 

to have the greatest positive influence on permeability, however, at 50°C a different 

individual SCM performed the most efficiently. The 25 and 40% dosages of GGBFS 

slag produced the greatest increase in durabi lity for the individual SCMs analyzed. When 

all SCMs were considered, the Ternary blends continued to produce the greatest increase 

in durability for all mixes. Improvements in durability of 73.6 and 80.1 % were recorded 

for the 15 and 20% blends respectively. These results were low enough to produce 

permeability's less then that of the reference 23°C mix. 
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For the chemical admixtures analyzed at 50°C, the 0.2% dosage of Sodium Gluconate 

was the most efficient in reducing permeability with a reduction of 42.2%. Although 

significant, this result was still less than all samples batched with SCMs. Also, the 

HRWR dosage which produced a 10% water reduction contributed to producing a 30.2% 

reduction in permeability. From these results a simple conclusion could be made that 

water reduction as well as a retarding effect improves durability of concrete cured at 

elevated temperature. However, this conclusion can be disputed when the WR-Ret. Adm. 

results are included in the analysis. This admixture produced no water reduction but did 

produce an increase in compressive strength, seemingly from its retarding ability . 
. " 

However, its permeability results were 16.7% worse then that of the reference batch. As 

a result, the relationship between retarders and permeability is clearly more complicated 

then previously estimated. 

Table 4.10. RCPT results for aU ready mix concrete cured at 50°C. 

50!1e 

Batch Type Charge (A) Charge (8) Average Batch Type Charge (A) Charge (B) Average 

REFERENCE 4781 6777 5779 REFERENCE 4781 6777 5779 

25%GGBFS 2310 2530 2420 0.05%HRWR - - · 
40%GGBFS 1633 1717 1675 0.12%HRWR 4571 3497 4034 

20",1, CLASS C FLY ASH 3478 3349 3414 0.08% WR-Ret. Adm. - - · 
30% CLASS C FLY ASH 2530 2557 2544 0.17% WR·Ret. Adm. 6872 6612 6742 

15% CLASS F FLY ASH 2586 2760 2673 0.1% SODIUM GLUCONATE - . · 
25% CLASS F FLY ASH 1814 2056 1935 0.2% SODIUM GLUCONATE 3279 3393 3336 

15% TERNARY BLEND 1557 1500 1529 

20% TERNARY BLEND 1079 1195 1137 
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4.5.9 - Ready Mix Concrete Cured at 50°C, Results & Discussion 

When all 28 day compressive strength activities for samples cured at 500 e are reviewed 

in Tables 4.11 and 4.12, it can be seen that the 0.2% dosage of Sodium Gluconate no 

longer produced the greatest increase in compressive strength as was the case for the 23 

and 35°e results. Instead the 0.17% dosage of the WR-Ret. Adm. illustrated the best 

result with a 28 day strength activity of20.3%. However, it should be noted that this 

result still represented a 9.0% strength reduction when compared to the reference 23°e 

batch. As a result, none of the dosages ofSeMs or chemical admixtures tested in this 

program were able to completely ameliorate the compressive strength loss incurred by 

batching and curing at 500e while maintaining constant consistency. 

Also, the HRWR was ineffective in reducing permeability at 500 e and produced an 

increased permeability over the reference mix. This only further emphasizes the 

importance of considering the ultimate desired compressive strength and durability of 

concrete cured in high temperature environments. Also, it highlights the fact that 

chemical admixtures consisting of different general chemical components will have 

optimum working temperature ranges for strength, durability and water reduction. This 

was made very apparent with the WR-Ret. Adm. which is claimed to be a low range 

water reducer but was only able to produce a slight water reduction when batching at 

23°C. Another interesting relationship that was recorded was that the same 0.12% dosage 

of the HRWR produced only a 5% reduction in water demand at 35°e batching 

temperatures whereas it produced a 10% reduction in water demand at 50oe. 

The water reductions produced by the use of individual seMs at 500e (presented in 

Table 4.11) were moderately reduced over that of their 35°e counter parts. The GGBFS 

continued to produce no measureable reduction in water demand however a qualitative 

reduction was again observed. It is hypothesized that the water reducing ability was 

decreased as a result of the increased rate of hydration of the Portland cement. A 15°e 

increase in batching temperature would have translated into a 150% increase in hydration 

rate for the Portland cement. This comes as a result of the general axiom of physical 

chemistry where for every 10°C increase in temperature the reaction rate is doubled. 
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However, it should be noted that the Ternary blends were able to maintain their 6.0 and 

7.0% water reduction. It is hypothesized that this was possible due to their high Portland 

cement substitution rate. 

When the chemical admixtures are examined, the WR-Ret. Adm. again failed to produce 

a water reduction and the Sodium Gluconate continued to maintain its 2.5 and 5.0% 

reduction. The only surprise carne from the 330mls/lOOkg dosage of the HRWR. As 

mentioned in the previous paragraph, the same dosage of this admixture produced only a 

5.0% water reduction at 35°e compared to the 10% reduction recorded at 50oe. 

Originally it was thought that the differing water content could have presented a possible 

explanation for this phenomenon. However, after a closer investigation it can be seen 

that due to the differing water reduction levels, the 35°e and the 500 e batches both had 

the same water content. The only variable present was the difference in temperature. 

From this information, it is hypothesized that the carboxylated polyether chemical groups 

that this material consists of have a different level of solubility at differing temperature. 

It is also possible that a varying degree of alkalinity was present in the paste solution for 

the two batches due to differences in hydration rate which could have again affected the 

solubility of the active carboxylated groups. 

The differing water reduction results produced by the HRWR as well as the differing 

strength activities and durability results produced by the retarders highlights the 

importance of selecting the right chemical admixture for the job depending on the 

batching and curing temperature and design specifications. Also, as can be seen 

illustrated in Figure 4.44, the level of water reduction incurred by an additive does not 

directly correlated to increases in compressive strength activity. 
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All strength activities are reported as a percentage of the 28 day compressive strength 

achieved by the reference batch at 50°C. 

Table 4.11. 28 day compressive strength activities, water cement ratios and % water reductions of ready mix concrete 

batched with SCMs and cured at 50°C. 

GGBFS Class F Fly Ash Class C Fly Ash Ternary Blend 
Reference 25% 40% 15% 25% 20% 30% 15% 20% 

28 DayStrength Activity (°/0) 4.46 1.28 1.23 -1.00 -2.40 -7.06 -3.22 -0.48 
W/C Ratio 0.496 0.496 0.496 0.486 0.486 0.476 0.476 0.466 0.461 
% Water Reduction 0.00 0.00 -2.02 -2.02 -4.03 -4.03 -6.05 -7.06 

Table 4.12. 28 day compressive strength activities, water cement ratios and % water reductions of ready mix concrete 

batched with chemical admixtures and cured at 50°C. 

Commercial Material Commercial Material 
Sodium GIUConateJ #1 #2 

Reference 0.05% 0.12% 0.08% 0.17% 0.1% 0.2% 
28 DayStrength Activity (%) - 16.68 4.66 ,17.63 13.82 14.39 
W/C Ratio 0.496 - 0.445 0.496 0.496 0.484 0.471 
% Water Reduction - ·10.28 0.00 0.00 -2.42 -5.04 

35 ,----------------------------------------------------------------, 

-.-.----.------.. --... ~---.--.-.-.--------.. -- .. - .. - .... - ----

5)K 

o)(o-.. -~.- --
00 8.0 10.0 1 .0 

x 
~0L-----------------------------------------------------~ 

Reduction in (w/c) Ratio (%~ 

Figure 4.44. Compressive strength activity of ready mix concrete cured at 50"C vs. reduction in water 

cement ratio compared to reference. 

This graph was included to show that a reduction in w/c ratio does not fully justify or explain 

the enhancement in strength achieved for some of the samples. 
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4.6 - Phase lIb: Experimental Results and Analysis for Roller Compacted Concrete 

4.6.1 - Scope 

For this portion of the study, two supplementary cementing materials and two Ternary 

blends were investigated in a roller compacted concrete program. Also, similar to the 

ready mix program, as an ancillary benefit it was investigated whether the SCMs tested 

could reduce the water demand and high cement contents that would otherwise be 

necessary to achieve high performance, target compressive strengths in hot and humid 

environments. Once the samples were cured for 56 days, they were also tested for 

durability. 

Class C fly ash and GGBFS were selected for low slump concrete testing based on their 

proven use in previous projects. They were also selected for their ability to influence the 

hydration of the Portland cement through a combined hydraulic and pozzolanic reaction. 

It was hoped that by substituting cement with individual SCMs and Ternary blends of 

GGBFS and fly ash, that the rate of cement hydration at increased temperature could be 

decreased resulting in a stronger, less permeability paste structure. 

4.6.2 - Establishing the Target Cement Content 

As was mentioned in Section 3.4.2, a cement content of350 kg/ml was selected for 

testing with RCC mixes. This cement content was maintained for all batches cast in 

Phase lIb of the study. 

4.6.3 - The Duration of High Temperature Curing 

All samples were cured at high temperature where applicable, for the previously 

established 24 hour period. After the initial 24 hour cure period the test cylinders were 

demoulded and transferred to a moisture cure room maintained at 23+1-2°C and 100% 

relative humidity for the remaining duration of their cure. 
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4.6.4 - Establishing the Coarse/Fine Aggregate Ratio and Water Content of the 

Reference Mix 

In order to select the optimum RCC mix for testing, it was first necessary to compare 

different mix designs based on their coarse/fine aggregate volume ratios, water content 

and consistency. After reviewing the mix design guidelines published in ACI 325, 

coarse/fine aggregate ratios of 65/35, 60/40 and 55/45 were .selected for testing. Also, a 

wide range of gradually increasing water contents was selected. Samples were cast 

according to the Soil Compaction Method out lined in Sections 3.4.2 and 3.4.3. Upon 

demoulding, each sample was weighed and had its density calculated according to the 

procedure outlined in Section 3.4.5. 

The resultant moisture density graphs formed from this data ean be seen presented below 

in Figures 4.45, 4.46 & 4.47. Figure 4.45 compares the average Proctor densities to the 

water cement ratio of the individual batches. Figure 4.46 compares the average void 

contents of the same Proctors to the water cement ratio and Figure 4.47 illustrates the 

average compressive strengths tested at 28 days of age. 

4.6.5 - Analyzing the Density of the Proctors 

When the three density curves are analyzed in Figure 4.45 it is easy to see that on average 

the mix containing 55% coarse aggregate by volume ratio produced the highest density 

results. It was also qualitatively observed to be more cohesive and easily compacted in 

comparison to the other two coarse aggregate contents tested. 
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Figure 4.45. Average density results for two Proctors cast at each individual point compared to the 

water cement r atio of the individual mix. Each line on the graph illustrates a different coarse/fine 

aggregate volume ratio. 

4.6.6 - Analyzing the Void Content of the Proctors 

The void content was established theoretically by calculating the density of the fresh 

specimens and then volumetrically calculating the quantity of air voids necessary to 

achieve that density. This was done by assuming the initial volume ratio of aggregates, 

cement and water still applied. 

When the void contents of the same specimens are analyzed, the relationship between 

high density and low void content is illustrated. As was predicted, the higher the density 

a mix achieves the lower the void content. In practical sense, the density graph is the 

inverse of the void content graph. From this analysis it was noted that the 55% coarse 

aggregate mix again performed well producing results with a low void content for all 

water cement ratios. This translates into a low permeability and thus a higher durability 

rating for this aggregate ratio. 
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Figur e 4.46. Average void content results for two Proctors cast at each individual poin t compared to 

the water cement ratio of the individual mix. Each line on the graph illustrates a different 

coarse/fine aggregate volume ratio. 

4.6.7 - Analyzing the Compressive Strength of the Proctors 

The specimens cast with 55% coarse aggregate volume continued to perform well when 

tested for compressive strength. At all water levels tested they produced the highest 

compressive strengths when compared to the other coarse aggregate volume ratios. 
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Figure 4.47. Average compressive strength results for two Proctors cast at each individual point 

compared to the water cement ratio of the individual mix. Each line on the graph illustrates a 

different coarselfine aggregate volume ratio. 

When all three graphs are taken into consideration it is plain to see that the 55% coarse 

aggregate volume ratio mixes produced the best results for density, void content and 

compressive strength. Also, It was qualitatively noted that they were the most cohesive 

and readily compactable out of all three ratios tested. From this analysis the fine/coarse 

ratio of 55% limestone to 45% sand that produced a high density and minimum void 

content (or permeability) while also producing a strong compressive strength was 

selected as the final fi ne/coarse ratio for the reference mix design. 

4.6.8 - Selecting the Reference Water Content 

The last remaining task to establish the reference mix design was selecting the water 

content. A water cement ratio of 0.36 was selected as the reference water level after all 

data, both quantitative and qualitative was reviewed. This water level was selected due to 

its high density, relatively low permeability, high compressive strength and ease of 

consolidation. It should be noted that although higher water levels at the 55% coarse 
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aggregate ratio produced lower void contents, the consistency of the mix was considered 

to be too fluid for RCC. As noted in ACI 325, the consistency of a fresh RCC mix must 

be such that it can be efficiently compacted by a vibrating roller. It must also be able to 

support the weight of a vibrating roller without significant rutting after compaction. 

Once the final reference mix design had been established, the consistency was measured 

according to the procedure outline in Section 3.4.6. A total Modified VeBe time ranging 

between 36 to 40 seconds was established as the consistency standard for this reference 

mix. This consistency was then maintained for all other batches in the RCC program by 

either increasing or decreasing the water content accordingly. The adjustments to water 

demand incurred by the use of SCMs or increased batching temperature will be explained 

in the following sections. 

4.7 - Compressive Strength Results for Roller Compacted Concrete 

4.7.1- Compressive Strength Results for RCC Cured at 23°C 

For the RCC batched and cured at 23°C with SCMs, all early age strengths were below 

that of the reference batch. This result was expected due to the slower hydraulic and 

pozzolanic reactions caused by the addition of large volumes ofSCMs. 

The final test age analyzed was 28 days of age. As predicted, when the specimens were 

allowed to cure for an extended period of time they were able to produce increases in 

compressive strength that exceeded the reference batch containing only Portland cement. 

It should be noted that part of the positive strength activity achieved by these batches 

could have occurred from the 2.0% water reduction produced by the fly ash mix, and the 

1.4 and 1.1 % water reductions achieved for the 15 and 20% Ternary blends. 

123 



80 

70 

-ca 
c.. 60 
:iE -~ - 50 CI 
c: 
CIl ... -40 (/) 

CIl 
> 
·iii 30 II) 

~ CIl ... 
Q. 
E 
0 

20 40% GGBFS, 0.360 (w/c) 

0 
-.--30% Class C Fly Ash, 0.353 (w/c) 

10 
-+-232C Reference, 0.360 (w /c) 

0 

0 5 10 15 20 25 30 

Age (Days) 

Figure 4.48. Compressive strength results fo r RCC batched with GGBFS and Class C fly ash, cured 

at 23°C. 
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Figure 4.49. Compressive strength results fo r RCC batched with Ternary blends cured at 23"C. 
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4.7.2 - Compressive Strength Results for RCC Cured at 35°C 

The next curing temperature for RCC concrete analyzed was 35°C. The same mix 

designs utilized for casting at 23°C were also mixed with the exception that water 

contents were increased accordingly in order to maintain the consistency of the concrete. 

At this temperature, the water cement ratio of the reference mix had to be increased by 

4.3% from 0.36 to 0.376 in order to maintain the Modified VeBe time. At this higher. 

water content the SCMs used had a greater effect on water reduction. The 30% Class C 

fly ash mix was able to achieve a 4.0% w/c ratio reduction followed by a 2.1 and 2.9% 

reduction for the 15 and 20% Ternary blends. However, the 40% GGBFS mix continued 

to have no effect on water demand as was expected. 

For compressive strength results at 1 day of age, less of a retarding effect was recorded 

when compared to the 23°C results and the 30% fly ash and 15% Ternary blend continued 

to have the greatest early age compressive strength results. It is hypothesized that the 

combined effect of an increased water reduction and the accelerated hydration produced 

by the 35°C curing temperature resulted in greater early age compressive strengths. 

The greatest improvement in compressive strength occurred with the 28 day results. At 

this test age the batches that contained at least a partial addition of Class C fly ash 

produced the greatest increases in compressive strength. It should also be noted that all 

three of these batches produced a 28 day compressive strength result that exceeded the 28 

day result for the 23°C reference batch. The greatest increase was recorded by the 30% 

Class C fly ash batch with a strength activity of 6.2% when compared to the 23°C 

reference batch. For a curing temperature of 35°C, it can be concluded that Class C fly 

ash was the most efficient in ameliorating the compressive strength loss of RCC concrete. 
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Figure 4.50. Compressive strength results for RCC batched with GGBFS and Class C fly ash, cured 

at 35°C. 
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Figure 4.51. Compressive strength results fo r RCC batched with Ternary blends, cured at 35°C. 
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4.7.3 - Compressive Strength Results for RCC Cured at 50°C 

The final curing temperature analyzed for this program was 50°C. The reference water 

cement ratio again had to be increased to correspond with the increased hydration rate. 

For the 50°C mix, the w/c ratio was increased a further 4.0% over that of the reference 

35°C batch, making a total increase in w/c ratio of 9.1 %. The trend of increased water 

reduction produced by the use of SCMs did not continue with the 50°C concrete batches. 

All 4 mixes batched with SCMs maintained the same percentage of water reduction as 

those mixed at 35°C. This is thought to have occurred due to the increased rate of 

hydration produced by the increased curing temperature. 

The 1 day compressive strength results continued to show improvement with increases in 

curing temperature. From the results illustrated in the graphs below it can be observed 

that the Ternary blends had only a very minimal retarding effect on the RCC mixes cured 

at 50°C .. 

The 28 day results recorded at 50°C again recorded the GGBFS mix with the lowest 

activity. All SCMs produced negligible improvements and in most case caused an 

increased deleterious effect on compressive strength for RCC cured at 50°C. The 

optimum performing SCM was 30% Class C fly ash with an activity of 3.9%, however, 

when this result is compared to the 28 day reference cured at 23°C a reduced activity of 

6.4% is recorded. Although this result is not terrible, all SCMs failed to completely 

mitigate the compressive strength loss incurred from curing at 50°C. 
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4.7.4 - Rapid Chloride Permeability Results for Roller Compacted Concrete 

When the data illustrated in Table 4.13 is compared to the RCPT results presented in 

Table 4.3.1 the decrease in penneability between ready mix and roller compacted 

concrete is very evident. The reference mix ofRCC cured at 23°C produced a RCPT 

result that was 63.0% lower then that of its ready mix counterpart. Generally speaking, 

this relation applied for all levels of SCM addition as well as all curing temperatures. 

If the 23°C RCC results are analyzed on their own it is easy to see the positive effect 

mixes that contained Class C fly ash had on permeability. Reductions in permeability 

were recorded for all batches containing Class C fly ash. It should be noted that these 

mixes also produced a reduction in water demand ranging between 1.1 and 1.9%. 

However, due to the very low level of water reduction it is hypothesized that the majority 

of permeability reduction was created by refinements in the paste microstructure. The 

mix containing 40% GGBFS also produced a moderate reduction in penneability. Since 

GGBFS did not produce a reduced water demand, the reduction in permeability can be 

directly attributed to refinements in concrete microstructure. 

For the reference RCC batch cured at 35°C, an increase in penneability was recorded. 

This was to be expected as the water cement ratio had to be increased by 4.4% in order to 

maintain a constant consistency. However, the result that was not expected was the 

increased effectiveness of the GGBFS over that of 23°C. The GGBFS produced a 

reduction in permeability of 58.1 %, almost as much as the 30% Class C fly ash mix. This 

result becomes even more prevalent when you consider that the GGBFS provides no 

water reduction whereas the fly ash produced a 4.0% reduction in the w/c ratio. The two 

Ternary blends analyzed also performed well at this temperature. The reduction in 

penneability of71.1 % produced by the 20% Ternary blend was the greatest reduction in 

permeability recorded for all results. This result is predicted to have occurred as a result 

of a combined effect of water reduction and paste structure refinement through a more 

efficiently controlled pozzolanic and hydraulic hydration process. 
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Figure 4.52. Compressive strength results for RCC batched with GGBFS and Class C fly ash, cured 

at 50°C. 

80 

70 

c;;-
D.. 60 
~ 
.r. ..- 50 C) 
c: 
G) ... ... 
en 40 
G) 
> 
'iii 30 Ul 
G) ... 
0. 
E 20 
0 
0 

10 

0 

0 5 10 

--++- Ternary Blend 15"10, 0.388 (w/c) 

15 

-.-Ternary Blend, 0.384 (w /c) 

~232C Refere nce, 0.360 (w /c ) 

__ 502C Refe re nce , 0.396 (w /c) 

20 25 

Age (Days) 

30 

Figure 4.53. Compressive strength results for RCC batched with Ternary blends, cured at 50°C. 
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The 50°C results recorded were very similar to those recorded at 35°C. In fact, when the 

accuracy of the RCPT test is considered there is very little difference observed in the 

results. From this information it can be conceived that the GGBFS had an increasing 

effectiveness in reducing permeability when curing temperature and water levels were 

increased. Also, the 30% Class C fly ash had a slightly reduced effectiveness with 

increasing temperatures and water contents. When the all the data is taken into account 

for all temperature levels, it can be seen that the Ternary blends produced not only the 

most effective results but also the most consistent results over all temperature levels 

analyzed. From this result it would have to be concluded that the Ternary blends would 
'" 

be the best option for reducing permeability in RCC cured in temperatures ranging from 

23-50°C and 100% RH. 

T hi 413 RCPT a e . I f II RCC resu ts or a concrete cure d at varymg temperature. 

RCC 232C 35l1C 50llC 

Batch Type Charge (A) Charge (B) Average Charge (A) Charge (B) Average Charge (A) Charge (9) 

REFERENCE 730 725 728 1039 1039 1039 899 1094 

40%GGBFS 647 388 518 438 432 435 380 379 

30% CLASS C FLY ASH 369 324 347 432 404 418 513 507 

15% TERNARY BLEND 343 342 343 441 393 417 340 387 

20% TERNARY BLEND 340 314 327 307 293 300 271 336 

4.7.5 - Roller Compacted Concrete, Results Discussion 

When the 35°C 28 day compressive strength results are analyzed, it can be seen 

illustrated that all batches tested with SCMs had a positive effect on strength. 

Although two mixes, the 40% GGBFS and 20% Ternary blend had a substantial 

retarding effect on 1 day strengths these results are still considered to be an 

achievement. Even with the retarded 1 day results, the naturally low consistency 

and high green strength behavior of this material would still allow for on time form 

removal. When the permeability results are analyzed for the 35°C results it is very 

apparent that an increase in curing temperature resulted in an increased permeability 

for the reference concrete batch. However, all SCMs were able to maintain the low 

permeability levels produced at 23°C. Only negligible increases in permeability 
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were recorded and as a result it can be considered that equal results were obtained. 

However, it should be noted that the 20% Ternary blend produced the lowest 

penneability at this curing age. 

For the SO°C results, considerably lower levels of compressive strength were 

generally recorded for all mixes in comparison to the other temperature levels. 

However, the results at 1 day of age were higher then those containing SCMs cured 

at 23°C. This increased early age rapid hydration resulted in reduced later age 

compressive strength activities. The optimum perfonning fly ash mix did manage 

to record a strength activity of 3 .9% at 28 days of age however, this figure results in 

a 6.4% strength activity reduction when compared to the 23°C reference mix result. 

As a result, it is hypothesized that SCMs were unable to combat the effects on 

strength caused by the increased curing temperature. However, similar 

penneability results were obtained for all batches at both 35 and sonc, eluding to 

the development of a dense microstructure at both elevated curing temperatures. 

This result was surprising when the increased water content and reduced 

compressive strengths of the SO°C results were taken into account. 

For the 28 day compressive strength results, the optimum perfonning RCC mix was 

the mix design that contained 30% Class C fly ash for all temperature levels 

analyzed. It not only produced superior 28 day strength activities at 23, 35 and 

SO°C, but it also produced the greatest water reduction at all three curing 

temperatures. However, even with these increased strength activities, the Class C 

fly ash was not able to produce concrete at SO°C with equivalent strength to the 

23°C reference mix. As a result, it can be concluded that no SCM was able to 

completely ameliorate the compressive strength loss caused by curing at SO °c 

Also the reduction in water content produced by the fly ash did not translate into the 

lowest penneability mix which was produced by the 20% Ternary blend. 
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Chapter 5 

Summary, Conclusions and Recommendations 

5.1 - Phase I: Summary for Mor tar 

When Sucrose, Glucose and Sodium Gluconate are compared based on their ability to 

ameliorate the loss of compressive strength on mortar cured at elevated temperature, the 

optimum performing admixture is Sodium Gluconate. It also managed to produce a 

similar increase in consistency to the other two retarders analyzed. 
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Figure 5.1. 28 day compressive strength results for mortar batched and cured at 35°C. 
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Figure 5.2. 28 day compressive strength results for mortar batched and cured at 50°C. 

5.2 - Phase I: Conclusions for Mortar 

~ Sodium Gluconate provided the greatest increase in 28 day compressive strength 

for both 35 and 50°C curing temperatures, as seen illustrated in Figures 5.1 and 

5.2. 

~ A dosage of 0.1 % Sodium Gluconate, at a curing temperature of 35°C, and 0.2% 

Sodium Gluconate at a curing temperature of 50°C should be selected for use with 

mortar. 

5.3 - Phase Ila: Summary for Ready Mix Concrete 

For this stage of the program it is not possible to select onl y a single supplementary 

cementing material or chemical admixture as tl-je optimum performing additive. Instead, 

a more complicated relationship was discovered. In order to select the best additive for 

the job, each individual concrete project must be analyzed and a unique mix design 

composed to suit the needs. Items such as curing temperature, temperatu e stabili ty, 

necessary form release deadline , concrete delivery times and relative humidity must all 
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be considered. One other important factor to consider that is outside the scope of this 

program is cost. In real world situations, the economic feasibility of all additives would 

have to be investigated before a final solution is selected. 

Some general conclusions that can be drawn from the results are as follows. The 

supplementary cementing materials were only effective at mitigating the detrimental 

impact on compressive strength caused by curing at high temperature for concrete cured 

at 23 and 35°C. However, they were effective at ameliorating the negative impact on 

durability caused by curing at all elevated temperature. The chemical admixtures and in 

particular the retarders were the most effective at reducing losses in compressive strength 

at all temperature levels analyzed. However, they were only moderately effective to 

completely ineffective at reducing permeability. 

Charts of all 28 day compressive strength results and RCPT results are presented in 

Figures 5.3 to 5.6. 
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Figure 5.3. 28 day compressive strength results for ready mix concrete batched with SCM's and 

cured at 23,35 and 50°C. 
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Figure 5.4. 28 day compressive strength results for ready mix concrete batched with chemical 

admixtures and cured at 23, 35 and 50°C. 
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Figure 5.5. RCPT results for ready mix concrete batched with SCM's and cured at 23, 35 and 50°C. 
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Figure 5.6. RCPT results for ready mix concrete batched with chemical admixtures and cured at 23, 

35 and 50°C. 

5.4.1 - Conclusions for Ready Mix Concrete Cured at 23°C 

~ Ifbatching with individual SCMs at 23°C, a 15% dosage of Class F fly ash should 

be used. 

~ If batching with ternary blends at 23°C, a 20% Ternary blend of Class C fl y ash 

and GGBFS should be used as it recorded the greatest ability to improve 

compressive strength and reduce permeability for all SCM mix designs. 

~ When chemical admixtures are considered, the HRWR should be utilized when 

batching at room temperature as it produced the greatest all around improvements 

for compressive strength and reduced permeability without compromising early 

age compressive strengths. 

5.4.2 - Conclusions for Ready Mix Concrete Cured at 35°C 

~ For batching with individual SCM's, a 20% dosage of Class C fl y ash should be 

uti li zed. 

~ However, if avai lable, a 20% Ternary blend should be employed instead of 

individual SCMs as it provided good strength and permeability results. 
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, When batching with chemical admixtures, Sodium Gluconate continued to 

produce the greatest improvement in 28 day compressive strength out of all 

additives tested. As a result, a 0.2% dosage of Sodium Gluconate should be 

incorporated into batching if the only concern is compressive strength. However, 

if permeability is also a concern then Ternary blends of Class C fly ash and 

GGBFS should be used. 

5.4.3 - Conclusions for Ready Mix Concrete Cured at 50°C 

;... If the permeability of the cured concrete is the primary concern, then Ternary 

blends should be included in the mix design. However, all SCMs analyzed in this 

program were not able to mitigate the strength loss caused from curing at 50°C. 

y The WR-Ret. Adm. must be utilized at this temperature level to mitigate losses in 

compressive strength. 

;;.. It should be noted that none of the additives tested were able to completely 

mitigate the detrimental effect of temperature on compressive strength for 

concrete cured at 50°C. 

5.4.4 - Conclusions for Ready Mix Concretes Effect on Durability 

;;.. Curing at increased temperature levels produced ready mix concrete with 

increased permeability and subsequently reduced durability. 

y SCMs had the greatest ability to decrease the permeability of concrete cured at 

both 35 and 50°C. 

y Out of all dosages of SCMs tested, the Ternary blends had the greatest impact on 

reducing permeability. 

5.5 - Phase lIb: Summary for Roller Compacted Concrete 

Some general conclusions from the roller compacted concrete section are as follows. 

When all the RCC results are considered together, Class C fly ash performed the best at 
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reducing losses in compressive strength. The Ternary blends had a moderate effect 

followed by a negligible effect produced by the GGBFS. Also, all SCM batches 

produced a similar reduction in permeability. As a result, Class C fly ash was selected as 

the optimum performing additive for roller compacted concrete cured at both elevated 

temperature levels. 

Charts of all 28 day compressive strength results and RCPT results are presented next. 
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Figure 5.7. 28 day compressive strength results for roller compacted concrete cured at 23, 35 and 

50°C. 
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Figure 5.8. RCPT results for roller compacted concrete cured at 23, 35 and 500C. 

5.6.1 - Conclusions for Roller Compacted Concrete Cured at 23°C 

D 232C 

. 352C 

0 502(; 

~ All SCM mix designs tested were able to produce moderate improvements in 

compressive strength at this curing temperature. 

~ A dosage of 30% Class C fl y ash should be used when batching and casting roller 

compacted concrete at 23°C. 

5.6.2 - Conclusions for Roller Compacted Concrete Cured at 35°C 

~ At 35°C, only the batches containing Class C fly ash were able to ameliorate the 

compressive strength losses caused by curing at t:!evated temperature. 

~ Due to very similar results for both strength and permeability it is recommended 

that batches containing either 30% Class C fl y ash or 20% Ternary blends should 

be used at 35°C. 

~ Mixes batched with fl y ash at this temperature had twice the water reducing 

ability as at 23°C. 
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5.6.3 - Conclusions for Roller Compacted Concrete Cured at 50°C 

)i;> 30% fly ash mixes followed by the two Ternary blends are recommended for use. 

However, no mixes were able to completely mitigate the loss of compressive 

strength when compared to the 23°C results. 

)i;> All mixes were able to maintain the same level of water reduction as the 35°C 

results at this batching temperature. 

5.6.4 - Conclusions for Roller Compacted Concretes Effect on Durability 
." 

)i;> All mixes batched with SCMs had a similar and significant effect on reducing the 

permeability of the reference mix design. 

)i;> Ternary blends should be used if reductions in permeability are a design concern. 

5.7 - Recommendations for Further Studies 

1. For further research, a program that utilizes both chemical admixtures and SCMs 

in combination is suggested in an effort to mitigate the detrimental effect of 

curing RCC at 50°C. 

2. Also, more work in terms of studying the effects of dosage of chemical admixture 

on strength should be conducted. In particular, investigate iflow dosages 

negatively affect compressive strength. 

3. The last recommendation is to study the microstructure of samples cured at high 

temperature to see how chemical and SCM admixtures affect pore size, 

distribution and hydration products at different ages. 
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Appendix A. Phase I Results: 

A.I. Results summary for all reference mixes cured at 23, 35 and 50°C 

Cement Type Type Type 1111 Type 1111 Type 111 1 Type 1111 Type 1111 Type 1111 

Dale: Loll CEM08080 1 CEM080801 CEM08080 1 CEM080801 CEM080801 CEM080801 
Source: Manulacturer: Lafarge Cemenl Laf arile Cemenl Lafa'lLe Cemenl Lafarge Cemenl Lalarge Cemenl Lalarge Cement 

Test Date June 10, 2008 June 10, 2008 June 10, 2008 June 10, 2008 June I I , 2008 June 1" 2008 
Code Conlrol 1 ·23'C Conlrol 2·23'C Conlrol I · 35'C Control 2·35'C Conlrol 1·50'C Control 2·50'C 

Curing Temperature ('C) 23 23 35 35 50 50 
High Temp Curing Dura~on Day. 

Admix1ure None None None None None None 
Dosage N1A N/A N/A N/A N/A N1A 

Mix Design Notes 

Cement 740 740.0 740.0 740.0 740.0 740.0 740.0 

Sand 2035 2035.0 2035.0 2035.0 2035.0 2035.0 2035.0 
Water 359 384 .0 386.0 359.0 369.0 384.0 384.0 

Ambient Temperature 23.0 23.0 35.0 35.0 55.0 55.0 
Material Temperature CemenVSand 23.0 23.0 35.0 35.0 55.0 55.0 
Mortar Temperature 24 .0 24 .0 34.5 34.5 45.0 45.0 

W/CRalio Final 0.519 0.519 0.519 0.5 19 0.51 9 0.519 

Flow,'" Initial 99.0 108.0 54.0 62.0 53.0 50.0 
Compressi ve Strength, Mpa, 2" x 2- cubes 

Age MPa 16.8 17.6 18.8 20.4 194 18.0 

272.3 272.0 275.5 274.5 275.1 276.4 
MPa 17.8 16.5 17.5 20.8 19.5 19.1 

271.8 272.7 2764 274.2 275.5 275.9 
MPa 17.9 16.4 18.6 20.4 20.0 19.5 

Dale 9 .2:72~ .. .271 .. ~ ...... .. ??6:g . . .. .. P~,9 .P.5,5 276.3 
1 day Average MPa 17.5 16.8 18.3 20.5 19.6 18.9 

Average wee 2.2 22 2.2 2.2 2.2 2.2 
COV(%) COV(%) COV(%) COV(%) COV (%) COV (%) COV (%) 

Averagej 
Average MPa 3,8 3.8 3.8 1.1 1.5 4,1 3.0 
Average glee 0.1 0.2 0.2 0.2 0.1 0.1 0.1 

Age MPa 28.4 296 25.9 25.2 233 235 

9 275. I 272 .7 275.4 274 .6 277.9 276.1 
MPa 30 .0 31.2 27.0 24.1 21.7 23.8 

9 275.2 273.3 273.4 275.4 277.3 275.0 
MPa 30.4 28.9 22.4 26.3 2 1.7 23.0 

Dale 9 ... . ~!.3,~ . . ..... ?n .L .... .. .. ?.7~·.L . .??~,~. ... n6,~ . ... .... ..2?5.L 
7 day Average MPa 29.6 29,9 25.1 25.2 22.3 23.4 

Average wee 2.2 2.2 2.2 2.2 2.2 2.2 
COV(%) COV (%) COV (%) COV(%) COV(%) COV (%) COV(%) Average J 

Average MPa 3,6 4.0 9.5 4.3 4.1 1.6 4.5 
Average wee 0.3 0. 1 0.5 0.3 0.3 0.2 0.3 

MPa 36.8 33.9 30.6 31.8 26.1 280 

9 276.6 274.2 275.3 2759 277.9 277 .9 
MPa 37.9 344 30.0 30.9 28.2 27.3 

9 275.5 274.4 275 .2 274.8 278.4 275 5 
MPa 38.7 32.9 30.2 30.7 27.2 27.9 

Date . .... 2!.~,~ .. .... . .. ... . .?74,~ .... ..... .2.7~ .0 . 275.5 P~J . ... .... ·P.f! ~ ......... 
28 day Average MPa 35.7 33.0 28.8 29.8 28.8 29.8 

Average wee 2.2 22 2.2 2.2 2.2 2.2 
COV(%) COV(%) COV(%) COV (%) COV (%) COV(%) COV (%) 

Average J 
Average MPa 2.7 2.4 1.0 2.0 3,6 1.2 2.1 
Average Wee 0.3 0.0 0.2 0.2 0.1 0.4 0.2 
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A.2. Results summary for all mortar mixes cured at 35°C with the addition of 
retarders 

Cement Type Type Type IIlJ Type 1111 Type 1111 Type 1111 Type 1111 Type 1111 
Dale: Lot * CEMOBOBOI CEMOB0801 CEMOBOBOI CEMOB0801 CEM080801 CEMOBOBOI 

Source: Manufacturer: Lafarge Cemenl Lalarge Cemenl Lafarge Cemenl Lafarge Cement Lafarge Cemenl Lafarge Cernerlt 
Test Date June 26, 2008 June 12. 2008 June 12. 2008 June 26. 2008 June 12. 2008 June 12. 2008 

Code Sucrose-35'C Sucrose·35'C Sucrose-3S'C SG·35'C SG·35'C SG·35·C 

Curing Tamperatura ("C) 35 35 35 35 35 35 

High Tamp Curing Duration Day. 

Admixture Sucrose Sucrose Sucrose Sodium Gluconate Sodium Gluconate Sodium Gluconale 

Dosaqe 0.025% 0.050% 0.100% 0.025% 0.050% 0. 100% 

Mix Des ign Notes 

Cement 740 740.0 740.0 740.0 740.0 740.0 740.0 

Sand 2035 2035.0 20350 2035.0 2035.0 2035.0 2035.0 

Water 384 384.0 384.0 384.0 384.0 384.0 384.0 

AmbIent Temperature 35.0 35.0 35.0 35.0 35.0 35.0 

Malenal Temperature CemenVSand 35.0 35.0 35.0 35.0 35.0 35.0 

Mortar Temperature 26.0 33.0 34.0 27.0 33.5 33.5 

W /C Ratio Final 0.519 0.51 9 0.519 0.519 0.51 9 0.519 

Flow, % Inilla! 90.0 101.0 86.0 83.0 93.0 90.0 

Compressive Strength Mpa, 2· x 2· cubes 

Age MPa 18.7 21 I 21.8 18.4 204 19.9 

9 270.3 274.5 274.8 269.1 268.4 27 .0 

MPa 186 21.8 20.8 18.0 21.8 19.5 

9 271.6 273.3 272.5 269.4 270.6 270.5 

MPa 187 22.4 20.2 18.2 20.9 19.9 

• Dale 9 .. n\:4 .. . . .... .... ?~~:t ....... ......... .. P.l.:L ....... 268.9 ........ .. ??~.q .... n .:? .. 
1 day Average MPa 18.6 21.7 21 .0 

.. · .. .... .. ;8.2 21.0 19.8 

Average <;Icc 2.2 2.2 2.2 2.2 2.2 2.2 

COV(%) COV(%) COV(%) COV(%) COV (%) COV , .) COV (%) 
Averr1 

Average MP, 0.3 3.1 3.9 1.1 3.0 1.3 2.1 

Average \icc 0.3 0.3 0.7 0.1 04 0.2 0.3 

Age MPa 24.6 27.7 29.0 24.8 254 29.3 

9 269.4 275.7 269.5 270.6 273 5 274.2 

MPa 25.7 30.3 291 25.2 25.3 29.6 

9 270.8 274.7 269.8 269.8 273.4 273.9 

MPa 25.7 29.8 26.6 24.7 247 28.1 

Dale 9 .. ~7g:L .. .... . 2!4. ~ .... p g& ..... .. 2~;~ . .. .. .. .. .. ...... . P:J. .3 ... ..... .... .. . P~;~ .. ... 
7 day Average MP. 25.3 29.3 28.3 24.9 25.1 29.0 

Average <;Icc 2.2 2.2 2.2 2. 2 2.2 2.2 

COV (%) COV(%) COV (%) COV (%) COV (%) COV (%) COV ('Io) Averag1 

Average MPa 2 .5 4.8 5.0 1.2 1.6 2.6 2.9 

Ave rage \icc 0 .3 0.2 0.3 0.4 0 .0 0. 1 0.2 

MP. 29.0 32.7 33.7 28.9 30.2 33.3 

9 2705 273.6 276.7 269.8 274.2 274 .0 

MPa 33.1 33.0 28.1 31.5 33.5 

9 272.5 274.0 274.8 269.2 274 1 274.5 

MPa 309 32.7 332 27.3 30.2 335 

Dale .. n l.:l 273:~ .. .. ... .. . g7.~:~ . .... 270.3 .. . ??4 .. L. ...... .. P 4:T 
Average MPa 29.9 32.8 33.3 28.1 30.6 33.4 

28 day 
Averaae oIee 2.2 2.2 2.2 2.2 22 22 

COV('Io) COV (%) COV(%) COV (%) COV (%) COV(% ) COV(%) 
Avern 

Average MP. 30.6 0.6 1.0 3.0 2.5 0.4 6.3 

Average rice 0.4 0.1 0.3 0.2 0.0 0.1 0.2 
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A.2. Results summary for all mortar mixes cured at 35°C with the addition of 
retarders 

Cement Type Type Type VII Type VII Type VII 

Dale Loll CEM080801 CEM080801 CEM080801 

Sourc~. Manufacturer Lalaroe Cement latarQe Cement Lalarae Cemenl 
Test Date June 26. 2008 June 12. 2008 June,2, 2008 

Code Com Syrup-35'C Corn Syrup-35'C Com Syrup-35·C 

Curing Temperatura ('C) 35 :IIi 35 

~h Temp Curing DuroUon (Dey.) 1 1 

AdmIXIlK8 ComSy"-,, ComSy"-,, ComSy~ 

Dosage 0025"" OOSO% 0.100% 

Mix Design Note. 

Geme,. 740 740 0 740.0 740.0 

Sand 2035 20350 2035.0 2035.0 
Water 384 384.0 384 0 384.0 

Ambtenll TemperallM'e 350 35.0 350 

Marenal Temperature Gemert/Sand 350 350 35.0 

Mortar T emperalll8 270 340 340 

WIC RahO Final 0.519 0.519 0519 

Fk>w,,," 111111(11 910 920 79.0 
Compressive Stfltngth. Mpa, r x r cube. 

Age MPa 175 182 177 

268 0 271 5 269 1 

MPa 178 188 183 

2674 2713 268 3 

MPa 186 189 19 1 

Oate .. 31H1.9. . .... . ?~.~. ... ...... .. ~.! .. 
1 day Average MP. 18.0 18.7 18.4 

Averaoe alec 21 22 22 

COV("") COV("") COV("") COV("") 
A"""ge l Average MPa 30 20 37 2.9 

Average glee 01 O. 02 0.2 
Age MPa 249 259 269 

269.3 2740 274 2 

MPa 245 255 251 

268 8 2739 2743 

MPa 254 267 255 
Dale .~~,~ ... . . .. ... ..2.r,J.4. 2?~.9 
7 day Average MPa 24.9 26.0 25.9 

Avera,," <tee 22 22 22 

COV("") COV("") COV("") COV ("") Averagol 
Avera ge MPa 18 23 3 7 2.6 
Average <tee 0 1 0 1 03 0.2 

MPa 277 29.8 309 

2699 275 9 274 a 
MPa 272 296 304 

270 8 275 8 274 7 

MPa 292 304 312 

Date .. . ??~-? ... -_ .. _- ..... ...... ?75 8 ... . J74.? 
28 day Average MPa 28.0 29.9 30.9 

Averaae alec 2.2 22 22 

COV("") CO'l("") COV ("") COV("") Averago l 
Average MPa 37 14 1 4 2.2 

Average glee 0.2 00 0.1 0.1 
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A.3. Results summary for all mortar mixes cured at 50°C with the addition of 
retarders 

Cement Type Type Type 1111 Type VII Type VII Type VII Type VII Type VII 
Dale: Lot • CEM08080t CEM080801 CEM080801 CEMOIlOllOI CEMOIlOllOl CEMOIl0801 

Source: Manufacturer- Lalarge Cement Lalaroe Cement Lalarge Cemenl Lafarge Cement Lalarge Cement lolaroe Cement 
Test Date June 24, 2008 June 24, 2001l June 16, 2001l June 16, 2001l June 16, 2001l June 24, 2001l 

Code Sucrose'55'C Sucrose·55'C Suerose·55'C Sucrose·55·C Sucrose·SS'C SG·55'C 
Curing Tempetllture ('C) 50 50 50 50 50 50 

High Temp Curing Duration (Days) 1 
Admixture Sucrose Sucrose Sucrose Sucrose Sucrose Sodium Gluconate 

Dosage 0025% 0.050% 0.100% 0. t 5O% 0200% 0.025% 
Mix Design Notes 

Cement 740 740.0 740.0 740.0 740.0 740.0 740.0 
Sand 2035 2035.0 2035.0 2035.0 2035.0 2035.0 2035.0 
Water 384 384.0 384.0 384.0 384.0 384.0 384.0 

Ambien t Temperature 55.0 55.0 55.0 55.0 55.0 55.0 
Material Temperature CemenVSand 55.0 55.0 55.0 55.0 55.0 55.0 
Mortar Temperature 46.0 40.0 46.0 45.5 48.0 38.0 

WIC Rallo Final 0.51 9 0.51 9 0.51 9 0.519 0.519 0.519 

Flow. % Inttlal 38.0 52.0 58.0 68.0 79.0 55.0 

Compress ive Strength Mpa, 2" x 2" cubes 
Age MPa 192 20.9 16.0 17.6 17.9 

g 275.8 273.3 271.7 273.3 273.3 273.8 

MPa 194 20.3 t7.8 16.7 48 173 

g 276.9 273.1 270.2 273.2 271.6 274 .9 

MPa 201 21.5 16.6 17.9 3.2 t8.3 

Date .. ... .... . ?!~} .. ?7?~ ... ...... .?7.I..~ ... P :J,? ... .. _. .......... ~6:'!.~ ....... P~,~ 
I day Average MPa 19.8 20.9 16.8 17.4 4.0 17.8 

Averaoe alec 2.2 l .2 22 2.2 2.2 2.2 

COV (%) COV(%) COV(%) COV (%) COV (%) COV ( COV (%) Average I 
Average MPa 2.4 3.0 5.5 3.5 278 2.9 7.5 

Average !yee 02 0.1 0.3 0.1 1.6 0.2 0.4 

Age MPa 207 235 230 23.0 282 22.8 

2n l 275.5 278.4 276.0 275.5 273.0 

MPa iO.5 229 23.0 23.4 28.9 23.6 

2n6 274.8 278.3 276.0 274.9 273.4 

MPa 19.6 265 249 21.4 30.1 22.0 

Date . .... ?!~,L ........ .. . P6.~ ...... ??~ .. ~ .. ... .. n~ ,6 ... .. ..27.~ : ' .... ??3.8 

7 day Average MPa 20.3 24.3 23.6 22.6 29.1 22.8 

Average wee 2.2 2.2 2.2 2.2 2.2 2.2 

COV (%i COV(%) COV(%) COV(%) COV(%) COV (%) COV(%) Average I 
Average MPa 2.8 8.0 4.6 4.8 3.3 3.4 4.5 

Average Wee 0.3 0.4 0.0 0.3 0.2 0.1 0.2 

MPa 272 264 25.7 . 9 2 33.7 259 

275.7 278.7 274.3 279.4 276.2 273.3 

MPa 264 25.9 26.3 27.6 33.4 25.4 

9 2756 276.5 2752 278.7 274.9 272.0 

MPa 25.1 262 25.4 28.2 31.9 26.7 

Dale .. ...... m .·? .. 2.15,.1 .. ...... ..2.?~,6 . .. P E . 27.F ... ?!1 ,4 . 

28 day Average MPa 26.2 26.1 25.8 28.3 33.0 26.0 

Averaoe eYee 2.2 2.2 2.2 2.2 2.2 2.2 

COV (%) COV('\, ) COV(%) COV(%) COV(%) COV (%) COv e'") Average I 
Average MPa 4.0 0.9 1.8 2.8 2.9 2.5 2.5 

Average wee 0.5 0.7 0.2 0.1 0.3 0.4 0.4 
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A.3. Results summary for all mortar mixes cured at 50°C with the addition of 
retarders 

Cement Type Type Type 1111 Type 1m Type VII Type VII Type 1m Type 1m 

Date: Loll CEM080801 CEM080801 CEM080801 CEM080801 CEM080801 CEM080801 

Source: Manufacturer- Lafarae Cement Lalarae Cement Lataroe Cement Lalarae Cement Lalarae Cemenl Lafarae Cement 
Tes t Date June 24, 2008 June 16, 2008 June 16, 2008 June 18, 2008 June 24, 2008 June 18, 2008 

Coda SG-55'C SG-55'C SG-55'C SG-55'C Com Syrup-55'C Corn Syrup-55'C 

Curing Temperature ("C 50 50 SO SO SO 50 
High Temp Curing Duration Days 1 1 1 1 1 1 

Admixture Sodium GhJConale Sodium Gluconale Sodium Gluconate Sodium Gluconate Corn Syrup Com Syrup 

Dosage 0 .050% 0.100% 0.150% 0.200% 0.050% 0.100% 

Mix Design Notes 

Cement 740 740.0 740.0 740.0 740.0 740.0 740.0 

Sand 2035 2035.0 2035.0 2035.0 2035.0 2035.0 2035.0 
Waler 384 384.0 384.0 384.0 384.0 384.0 384.0 

Ambient TefTl~ ~atu re 55 .0 55.0 55.0 55.0 55.0 55.0 

Material Temoerature CemenVSand 55.0 55.0 55.0 55.0 55.0 55.0 
Mortar Temoerature 34.0 43.0 47.5 46 .5 37.0 46.0 

W /C Ratio Final 0.519 0.519 0.519 0.519 0.519 0.5t9 

Flow. % Inibal 66.0 55.5 48.0 55.0 60.0 59.0 
Compressive Strength) Mpa, 2" x 2- cubes 

Age MPa 19.0 18.0 19.3 19.1 19.0 21.1 

9 271.5 274.1 274.6 274.6 271.7 275.5 

MPa 19.5 20.4 20.1 19.7 18.2 22.5 

9 27 1.8 275.4 274 .7 275.9 271.8 276.4 
MPa 19.7 20.7 19.5 18.6 19.1 20.9 

Date 9 -- . .,271 .. ~. .... ... .. ....... 274.5 ... .. . __ . __ ~7.3}_ . 273.9 -.-- -- .. .210 .. 1 .. . .. .. _ . .. ..... . ..2.7~" .. 
1 day Average MPa 19.4 19.7 19.5 19.2 18.8 21 ,5 

Average gfcc 2.2 2.2 2.2 2.2 2.2 2.2 
COV(%) COV (%) COV(%) COV (%) COV (%) COV (%) COV (%) 

Average MPa 1,8 7,5 2.1 2.9 2.4 4.1 
Average gfcc 0.1 0.2 0.3 0.4 0.4 0.2 

Age MPa 19.6 23.8 24.4 26.3 24.5 22.0 

9 273.0 278.9 277.4 276.0 273.1 272.1 

MPa 20S 23.3 25.0 27.5 24.8 22 .6 

9 272.6 277.1 277.7 274.9 274.5 272.7 

MPa 20.6 23.9 2S.0 29.8 25.3 23.0 
Dale 9 ..... ____ 2}'U l ........ .... __ __ . ?X~·.9 .. --_ .. . -.. 27}' 8 .. __ .. . -- ........ .. 2!46. . . . . . . . . .. .. . . . J74. ~ .. .. .. .. ..... . .2.7~ .. ~. . .. .... 
7 day Average MPa 20.3 23.7 25,2 27 ,9 24,9 22 .5 

Average <)Icc 2.2 2.2 2 .2 2.2 2.2 2.2 
COV (%) COV (%) COV(%) COV(%) COV(%) COV (% ) COV(% ) 

Average MPa 3.0 1.4 3.1 S.4 1.5 2.2 
Average <)Icc 0.2 0.4 0. 1 0.3 0.3 0.3 

MPa 27.4 29.0 289 35.3 28.7 25.3 

9 272.3 277.7 28 1.S 276 2 274.0 273.5 
MPa 28.4 28.5 28.2 33.1 28.8 24.9 

9 272.3 277.7 278.4 276 2 2747 274 .4 
MPa 27.8 28.6 28.4 34 .9 27.1 25.6 

Dale 9 . __ .. . ?71 .. ~ . .. . .... ........ _.2.7~L ....... ~~~ ,~ ..... . ... .... .. ... 27.~, ? .. .. .... ... ... ... m .L ....... . ...... . .2?~~ ... 
28 day Average MPa 27.8 28.7 28.5 34.4 28.2 25.2 

Averaqe ricc 2.2 2.2 2.2 2.2 2.2 2.2 
COV (%) COV(%) COV(%) COV(%) COV("Io) COV("Io) COV (%) 

Average MPa 1.8 0.9 1,3 3.3 3.3 1.3 
Ave rage {ice 0.1 0.2 0.6 0. 1 0.3 0.3 
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A.3. Results summary for all mortar mixes cured at 50°C with the addition of 
retarders 

Cement Type Type Type 1111 Type 1/11 
Date Lot If CEMOBoao1 CEM080801 

Source. Manufacturer Lafar08 Cement Latar e Cement 
Test Date June 18. 2008 June 18. 2008 

Code Com Syrup-55'C Corn Syrup-55'C 
Curing Tempel1ltu ... (,C 50 50 

High Tomp Curing Ourotlon O~) 1 1 
Admoclur8 Com Syrup Com Syrup 
Dosa~ 0150% 0200% 

Mix Design Notes 
Cemenl 740 740.0 740 0 

Sarxl 2035 20350 2035 .0 
W aler 384 384.0 384.0 

Ambient Temoeralure 550 55.0 
Malenal Temoerature GemenllSand 55 0 550 
Mortar Temperature 45.0 48 0 

W/CRalJo Final o 51g 051g 
Aow,% Initial 580 37 0 

Compressive Strength, Mpa. r x 2" cubes 
Age MPa 19< 00 

g 273 1 26()5 -
MPa 199 00 

g 273 6 2783 
MPa 191 0.0 

Dale g ..... ..... mx .... ... -.. .... .... ..?1.H .. .. 
1 day Average MPa 19.5 0.0 

Averaae alec 22 22 
COV (%) COV(%) COV(%) AveraO] 

Average MPa 2.2 t OIVIO! 2.2 
Average lie<: 02 36 1.9 

Age MPa 239 222 

g 275 8 268 1 
MPa 239 105 

g 274 7 267 1 

MPa 242 25 a 
Dale g .. .. .. ... 275.7 .. __ .... ..... .. .. .. . .?7.V .. . ... . 
7 day Average MPa '24:0" 19.2 

Aver~c 22 22 
COV(%) COV(%) COV ('l<.) Average I 

Average MPa 06 40.1 20.4 

Averageliee 0 2 10 0.6 

MPa 272 347 

g 2738 2735 

MPa 287 343 

g 2746 2745 

MPa 258 280 

Dale g .. .. .. .... p.~ .Q... .. ...... ... .... . .. .?7.q,~ ... 
28 day Aw ra ge MPa 27.3 32.3 

Aver~a/cc 22 2 2 

COV (%) COV(%) COV (%) Ayorag] 
Average MPa 5.4 11 .6 8.S 

Average rice 0.5 0.7 0.6 
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Appendix B. Phase IIa Results: 

Appendix B.t. Results summary for batches mixed to establish the water and 
fme/coarse aggregate content of the reference mix 

Cement Type Type Type VII Type 1111 Type 1111 Type 1111 Type 1/ 11 
Date: Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Source: Manufaclurer: La Far e Cement LaFarge Cement LaFarge Cement LaFarge Cement LaFarge Cemenl 
Test Date 17-Mar-09 18-Mar-09 18-Mar-09 23-Mar·09 24-Mar·09 

28 Day Crush Date 14·Apr·09 15-Apr-09 15-Apr-09 20-Apr-09 21-Apr-09 
Technician EA. RR. RS EA. RR. RS EA. RR. RS EA, RR, RS EA, RR , RS 

Curing Temperature ("e) 23 23 23 23 23 
Description %Limestone 65% LS 65% LS 65% LS 70% LS 70% LS 

Admixture None None None None None 
Target Densily 2441 2402 2406 24 10 24 10 

Mix Design Notes 1 Batch 1 Batch 1 Batch 1 Balch 1 Balch 
Cement 455.8 45 1.9 450.0 4519 4525 

Limestone 11 896 t158 .3 1254.6 1254.5 1256,2 
Concrete Sand 612,6 596.7 512.6 512.5 513.2 

Water 182.3 203.3 194.4 20 1.1 201.4 
Kalm3 2403 2400 2412 2420 2423 

Ambient Temperature 22.0 22,0 21.0 21.0 21.0 
Materia) Temperature CemenVSand 22,0/22 .0 230123.0 22,0/22.0 21,0/21.0 21,0/21.0 
Concrete Temperature 23.0 23,0 22.0 20,5 21.0 

WIC Ratio Final 0.400 0.450 0.445 0.445 0.445 
Void Content, % Inrtiat 1.3% 1.0% 1.7% 1.1 % 1,0% 

Actual Moisture Content % In rtial 
Theo Moisture Content % Initial 7.9 8.8 8.4 8.7 8.7 
ConsisteQ!:Y.{SlumQ.mm.l Inrtial 60 110 95 100 100 
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Type VII l 
CEM090323 

LaFarge Cement 
24-Mar·09 
21'Apr-09 
EA, RR. AS 

23 
70% LS 

None 
2410 

1 Batch 
450.6 
12508 
511.0 
200.5 
2392 
21 .0 

21 ,0/21 .0 
20,0 
0.445 
1,4% 

8.7 
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Appendix B.2. Results summary for batches mixed to establish the cement content 
of the reference mix 

Cement Type Type Type 1/11 Type 1111 Type 1111 
Dale: Lol # CEM090323 CEM090323 CEM090323 

Source: Manufacturer: LaFarQe Cement LaFarge Cement LaFarge Cement 
Test Date 23-Mar-{)9 24-Mar-09 24-Mar-09 

28 Day Crus h Date 20-Apr-09 21-Apr-09 21-Apr-09 
Technician EA. AA. AS EA. AA. AS EA. AR. AS 

Curing Temperature ~) 23 23 23 
Description %Limestone 70% LS 70%LS 70% LS 

Admixture None None None 
Target Density 2400 2392 

Mix Design Notes 1 Batch 1 Batch 1 Batch 
Cement 464.6 509.4 561.9 

Limestone 1287.5 1271.7 1272.1 
Concrete Sand 526.0 450.3 387.9 

Water 206.7 213.9 222.0 
KQ/m3 2451.6 2437.5 2439.7 

Ambient Temperature 21.0 21.0 21.0 
Material Temoerature Cement/Sand 21.0/21.0 21.0121.0 21.0/21.0 

Concrete Temperature 20.5 21.0 20 .0 
W /C Ratio Final 0.445 0_420 0.395 

Void Content % Initial 1.6% 1.6% 1.7% 
Actual Moisture Content % Initial 
Theo Moisture Content, % Inlhal 8.7 >l.1 9.4 
Consistencv Siumo mm Initial 95 100 100 

Compress ive Strength, Mpa, 0.OO81713mA2 Cylinders (0.OOI 6588mA31 
MPa 23.87 23.53 24.76 

g 4071 .1 4054.8 4030.5 

MPa 21 .90 22.94 24.40 

9 4075.2 4051.8 4037.8 

MPa 19.91 24.45 24.66 

g 4061.9 4062.7 4045.5 

1 Day Average MPa 21.9 23.6 24.6 

AveraQe glcc 2.45 2.45 2.43 

COV COV COV COV Average 

J Average MPs 9.0 3.2 0.8 4.3 

Average glcc 0.2 0. 1 0.2 0.2 

MPa 31.16 32.67 31 .39 

9 4074.8 4058.3 4041 .4 

MPa 29.33 33.54 35.41 

9 4057.5 4053.5 4053.1 

MPa 30.30 32.23 34.00 

g 4061.3 4053.2 4037.9 

3 Day Average MPa 30.3 32.8 33.6 

AveraQe Q/cc 2.45 2.44 2.44 

COV COV COV COV Average 

J Average MPa 3.0 2.0 6_1 3.7 

Average glcc 0.2 0. 1 0.2 0.2 

MPa 39.46 38.11 40.79 

g 4061 .6 4085.6 4054 

MPa 38.26 37.72 40.83 

9 4068.8 4044.4 4040.7 

MPa 38.51 37.94 41 .08 

9 f---_~'052 1 4050.8 4025.3 
- - 40.9 7 Day Average MPa 38.7 37.9 

AveraQe Q/cc 2.45 2.45 2.44 

COV COV COV COV Average 

J Average MPa 1.6 0.5 0.4 0.8 

Average glcc 0.2 0.5 0.4 0.4 

MPa 48.43 48.68 48.23 

9 4061.8 4059.2 4043.7 

MPa 46.78 48.67 49.19 

g 4056.4 4059.9 4052.2 

MPa 47.78 4919 50.82 

g 4081.5 4010.6 4044.9 

28 day Average MPa 47.7 48.8 49.4 

AveraQe Q/cc 2.45 2.44 2.44 

COV COV COV COV Average 

J Average MPa 1.7 0.6 2.6 1.7 

Average glcc 0.3 0.7 0. 1 0.4 

2443.8 2436.9 Average density 2450.8 
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Appendix B.3. Results summary for batches cured at 23°C 

Cement Type Type Type 1111 Type 1111 Type 1/ 11 Type 1111 Type 1111 Type 1111 
Dale' Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Source: Manufacturer. Lafarge Cement Lalarge Cement Lafarge Cement Lafarge Cement Lafarge Cement Lafarge Cement 
Test Date 22-Jun-09 22-Jun-09 23-Jun-09 23-Jun-09 24-Jun-09 24-Jun-09 

28 Day Crush Date 20-JuH19 20-Jul-09 21-Jul-09 21-Jul-09 22-Ju109 22-Jul-09 
Technician EA. RR. RS EA. AA. AS EA. AA. AS EA. AA. AS EA. AR. AS EA. AA. AS 

Curtng Temperature ("CI 23 23 23 23 23 23 
High Temp Curtng Duration Daya) 0 0 0 0 0 0 

Description %Limestone 70% LS 70% LS 70% LS 70% LS 70% LS 70% LS 

Admixture None None None None None None 
Target Density 2402 2397 241 9 2414 24tO 2401 

Mix Design Notes 1 Batch 1 Batch 1 Batch 1 Batch 1 Batch t Batch 
Cement Lafarge 341.3 271.9 363.3 320.2 3896 342.6 
GGBFS (25%& 40%) 113.8 181.3 

Class F Fly Ash (15%&25%) 68.8 114.2 
Class C Fly Ash (20% & 30%) 90.8 137.2 

Umestone 14mm 1257.5 1248.7 1276.2 1281.3 1278.5 1267.5 
Concrete Sand ASTM C33 513.7 510.1 52 1.3 523.5 522.3 517.8 

Water 202.5 201.7 189.8 191.2 195.7 195. 1 

Ka/m3 2428.9 2413.7 2441.4 2454.3 2455.2 2437.3 
Ambient Temoerature 23.0 23.0 23.0 23.0 23.0 23.0 
Material Temperature CemenVSand 23.0 23.0 23.0 23.0 23.0 23.0 
Concrete Temperature 23.0 23.0 23.0 23.0 23.0 23.0 

W/CRatio Rnal 0.445 0.445 0.418 0.41 8 0.427 0.427 

Vo<d Conlenl. % Initial 1.4% 1.4% 1.7% 1.6% 1.8% 1.6% 
Actual Moisture Content % InI tial 
Theo Moisture Content % Ini tial 8. 7 ' 8.7 8.14 8.1 6 8.34 8.37 
Consistency (Slump mm) Initial 100 100 75.00 95.00 75.00 100.00 

Compressive Strength, Mpa, 0.OO8171 3m' 2 Cylinders (0.OOI6588m' 3) 
MPa 17.3 125 21.81 1712 23.75 17.92 

9 40216 4060.7 4055 4087.4 4082 401 9.6 
MPa t8.1 13.0 23.20 18.44 24.06 1891 

9 40 19 2 4023.2 4051 4046.4 4066.2 4031 .2 
MPa 17.7 12.5 22.00 18.24 22.68 17.48 

9 ... .. ... ;J,~~97 .... ..... .... .. -.~~-.~- .... ... 40635 4083 4081.6 4022 
1 Day Average MPa 17.7 12.6 22.3 17.9 23.5 18_1 

Average glee 2.42 2.43 2.45 2.45 2.46 2.43 
COV (%) COV (%) COV (%) COV (%) COV(%) COV (%) COV(%) Average I 

Average MPa 2.1 2_6 3.4 4.0 3.1 4.0 3.2 
Averaae glee 0.3 0.7 0.2 0.6 0.2 0.2 0.4 

MPa 28.9 25.8 33.15 32.16 30.60 2653 

9 40596 3994.9 4093.9 4072.4 4065_2 4038.8 
MPa 28.4 25.3 35.59 30.88 28.42 2728 

g 40 10.3 3978.3 4021 4080 .5 4057.3 4050.3 

MPa 28.0 24.8 34.09 31.17 2806 27.49 

9 .. .. .. }'9!!~. ;L . . .. .. .... 4_9!l().~ . .. .... 4118 4068 .5 4070.6 4047.6 
3 Day Average MPa 2.8.4 25.3 34.3 31 .4 29.0 27.1 

Average glee 2.43 2.41 2.46 2.46 2.45 2.44 
COV (%) O) V (%) COV (%) COV (%) COV(%) COV (%) COV (%) Average I 

Average MPa 1.6 1.9 3.6 2.1 4_7 1.9 2.6 
Average glee 0.8 0.3 1.2 0.2 0.2 0.1 0.5 

MPa 37.6 31.7 38.11 40.01 37.65 32.93 

g 3991>2 4001.9 4051 4082 .3 4052 7 4079.3 

MPa 35.6 356 43.04 39.44 3835 33.69 

9 4003.7 4016.4 40816 4047 4061.9 4054.8 

MPa 37.4 34.9 43.13 4167 36.56 32.80 

9 ..... . 4.0~3.() ... },9!14.~_ . 4072.6 4089.7 4072.3 4052.4 

7 Day Average MPa 36.9 34.1 41 .4 40.4 36.9 33.1 

Average glee 2.42 2.41 2.45 2.46 2.45 2.45 
COV (%) COV (%) COV (%) COV(%) COV (%) COV (%) COV (%) AverageJ 

Average MPa 2.9 6_0 6.9 2.9 1.9 1.5 3.7 
Average [>Icc 0.8 0.3 0.4 0. 6 0.2 0.4 0.4 

MPa 49.9 49.6 5664 53.63 48.01 45.35 

9 4091 4051 4035 41 03.2 4055.3 4029.3 

MPa 52.0 44.5 52.36 48.19 4799 43.87 

g 3992.7 3983.4 4057.6 4047.7 4079 4037. 1 

MPa 49.3 44.3 56.91 5300 44.87 46.85 

9 ... .. ... ~9!l3.} . ....... .. . . . __ .3.97.1 .. 0 .. 4056.6 4062.5 4083.5 4062.5 

28 clay Average MPa 50_4 46.1 55.3 51.6 46.3 45.4 

Averaae alec 2.43 2.41 2.44 2.45 2.46 2.44 
COV(%) COV(%) COV (%) COV (%) COV (%) COV (%) COV (%) Average I 

Average MPa 2_8 6.6 4.6 5.8 3.4 3.3 4.4 
Average glee 1.3 1.0 0.3 0.7 0.4 0.4 0.7 

A'Jerage density 2424.0 2415.7 2449.4 2455. 1 2453.0 2437.8 
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Appendix B.3. Results summary for batches cured at 23°C 

Cement Type Type Type 1111 Type 1111 Type I~I 
Date: Lot # CEM090323 CEM090323 CEM090323 

Source: Manufacturer: Lalarge Cement Lafarge Cement Lalarge Cement 
Test Date 22.Jun-09 29-Jun-09 29-Jun-09 

28 Day Crush Date 20-Jul-09 27.Jul-09 27-J ul-09 
Technician EA. AA. AS EA. RA. AS EA, RR. RS 

Curing Temperature <"C 23 23 23 
High Temp Curing DuraUon Dey. 0 0 0 

Description %Umeslone 70%LS 70%LS 70%LS 
Admixture None None None 

Taraet Density 2410 2417 2416 
Mix Design Notes 1 Batch 1 Batch 1 Balch 

Cement Lafarge 456.3 321 .1 275.8 
GGBFS (25%& 40%) 68.8 91.9 

Class F Fly Ash (15%& 25%) 68.8 91.9 
Class C Fly Ash (20%& 30%) 

Umestone 14mm 1266.6 1287.9 1290.6 
Conerele Sand ASTM C33 517.4 526.1 527.3 

Water 203.1 191.8 190.3 
Ka/m3 2443.4 2464.6 2467. 6 

Ambienl Temperalure 23.0 23.0 23.0 
Malerlal Temperature CemenVSand 23.0 23.0 23.0 
Concrete Temperatu re 23.0 23.0 23.0 

W/C Ratio Final 0.445 0.418 0.414 

Void Content % Initial 1.7% 1.7% 1.6% 

Ac tual Moisture Content, % Inillal 
Thea Moisture Content. % Initial 8.7 8.2 8.1 

Consislenev Siumo mm Initial 80 75 90 
Compressive Strength, Mpa, O.OO81713m'2 Cylinders (O.OO16588m'3 

MPa 23.5 19.6 15.2 

9 4051 9 4097.6 4088.2 

MPa 22.4 18.4 14.8 

9 4041.6 4039.9 4076.8 

MPa 22.5 17.8 15.t 

9 ....... ~~,9. .... . .. .. ~.I()1j . . 6 ... . -, ...... .. .~()Ij.8:!5 . ... .. 
1 Day Average MPa 22.8 18.6 15.0 

Average Qlee 2.44 2.46 2.46 

COV(%) COV(%) COV(%) COV (%) AveragJ Average MPa 2.8 4,7 1,3 3.0 

Average glee 0.3 0.9 0.2 0.5 

MPa 31.1 32.8 27.6 

9 4047 4088.2 4078.1 

MPa 312 317 29.4 

9 4046.0 4084.5 4 107.1 

MPa 31.8 32.2 30.3 

9 . 40. t:3:4 ... ... .. .... 4.0!8 .. 6 .. 4080.6 ... , . ...... . 
3 Day Average MPa 31.4 32.2 29.1 

Averaqe Qlee 2.43 2.46 2.46 

COV (%) COV (%) COV(%) COV (%) Average I 
Average MPa 1.1 1.7 4.7 3.2 

Average glee 0.5 0.1 0.4 0.3 

MPa 34.4 41.3 41.5 

9 4034 4089.9 4 105.8 

MPa 368 40.9 41.1 

9 4025.0 4085.2 4052 4 

MPa 35.0 40.6 392 

9 4022.2 . ~0:l5 .. 9. 4097.4 ...... -_ ...... ... --_ . ... .. .. .. .... . ....... .... ...... .......... 
7 Day Average MPa 35.4 40.9 40.6 

Average Qlee 2.43 2.45 2.46 

COV(%) COV (%) COV (%) COV (%) Average I 
Average MPa 3.5 0.8 3.1 1.9 

Average glee 0.2 0.7 0. 7 0.7 

MPa 47.6 552 55.7 

9 4078 41 t5. 7 4069. 1 

MPa 46.5 53.2 63.0 

g 4054.3 4088.8 4094.9 

MPa 44.5 54.8 541 

9 .. .. ~0.2~L . . 4.0~ !l . . ... .. 4 11 56 ..... .... ... ... ... 
28 day Average MPa 46.2 54.4 57.6 

AveraQe glee 2.44 2.46 2.47 

COV(%) COV (%) COV(%) COV (%) AverageJ Average MPa 3.4 2.0 8.3 5.1 

Average glee 0.6 0.7 0.6 0.6 

2460.3 2464.4 
Average denSIty 2436.6 
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Appendix B.3. Results summary for batches cured at 23°C 

Cement Type 
Dale: 

Source' 
Test Date 

28 Day Crush Date 
Technician 

Curing Temperature 

Hfgh Temp Curing Ouradon 

Description 

Mix Design 

Cement 
Um eslone 

Concrele Sand 
Waler 

KQ/m3 
AmbIent Temoerature 

Malerial Temperalure 
Concrele Temperalure 

WIC Ralio 

Void Conlenl % 

Type 
Lol # 

Manufacturer: 

("C) 

Days 

%Limestone 

Admixture 

Dosage 
Targel Density 

Notes 

CemenVSand 

Final 

Initial 

Actual Moisture Conten t. % Initial 

Type VII 
CEM090323 

Lalarge Cemenl 
29-Jun-09 
27-Jul-09 
EA. AA. AS 

23 

° 70% LS 

Advacasl575 
140.0 mlsl l 00kg 

2427 
1 Balch 

454.4 
1281.0 
523.3 
191.6 
2451.1 

21.0 
21.0121.0 

23.0 
0.423 

1.9% 

Type VI I 
CEM090323 

Lalarge Cement 
6-Jul-09 
3-Aug-09 
EA. AA. AS 

23 

70% LS 

Advaeasl 575 
220.0 mlsll00kg 

2445 
1 Balch 

452.8 
1296.8 
529.8 
180.1 

2460.5 
2 1.0 

21.0/21.0 
23.0 

0.400 

2.1% 

Type VII 
CEM090323 

Lalarge Cemenl 
25-Jun-09 
23-Jul-09 
EA, AA. AS 

23 

70% LS 

Daralard 17 
173. 6 mlsl l00kg 

241 0 
1 Balch 
455.8 
1265.6 
517.0 
20 1.9 

244 1.3 
21.0 

21.0121.0 
23.0 
0.445 
1.6% 

Type 1/11 
CEM090323 

Lafarge Cemenl 
25-Jun-09 
23-Jul-09 
EA, AR. AS 

23 

° 70% LS 
Dara lard 17 

347.2 mlsl l 00kg 
2428 

1 Batch 

457.1 
1288.9 
526.5 
191.4 

2464.8 
21.0 

21.012 1.0 
23.0 

0.423 

1.9% 

Type VII 
CEM090323 

Lafarge Cemenl 
6-Jul-09 
3-Aug.Q9 
EA. AA. AS 

23 

70% LS 

Sodium GJuconale 

0.10% 
241 9 

1 Balch 
454.4 
127 1.4 
519.4 
194.7 
2442.4 

21 .0 
2 1.0121.0 

23.0 
0.434 

1. 7% 

Type 1/11 
CEM090323 

Lafarge Cem ent 
6-Jul-09 
3-Aug-09 
EA. AA. AS 

23 

° 70% LS 
Sodium Glucooate 

0.20% 
2429 

1 Balch 

4567 
1288.9 
526.6 
187.9 

2465. 1 
21.0 

21.0/210 
23.0 

0.422 

1.6% 

Theo MOislure Conlent. % Inilial 8.2 7.7 8.7 8.2 8.44 8.19 
ConsiSlencv Siumo mm Inllial 110 80 110 100 110.00 100.00 

Compt'essive Strength, Mpa, 0.0081713m' 2 Cyl inders (0.0016588m' 3) 

1 Day 

3 Day 

7 Day 

28 day 

MPa 25.5 30.4 26.1 25.21 29.89 

9 
MPa 

9 
MPa 

g 
Average MPa 

Average glee 
COV (%) 

Average MPa 
Average glee 

MPa 
g 

MPa 

9 
MPa 

9 
Average MPa 
Average glee 

COV (%) 
Average MPa 
Average glee 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 

AveraQe Q/ee 
COV(%) 

Average MPa 
Average glee 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 

AveraQe Q/ee 
COV (%) 

Average MPa 
Average glee 

Average density 

4059 
23.4 

4034.9 
24.4 

4098.1 4074.8 4069. 5 4081 .9 
31.5 26.6 23.82 2806 

4112.5 4067. 5 4080.8 4064.2 
31.4 26.2 2444 28.38 

40836 

........ 4~5.t ....... ..... ... ~j~:/ ........... · .. ·~~r3~ · .. ··· .. +----=~=-'~!'~5':'-0--+---=4:::~'-:~O:~8:"·3'--+--::r:=7'::~-=-' - -I 

2.44 2.47 2.45 2.47 2.45 2.45 
COV (%) ~~ ~~ ~~ ~~ ~~ 

4.3 2.0 1.0 2.8 3.4 3.7 
0.3 0.3 0.3 0.6 0.3 0.3 

33.2 35.4 33.6 36.35 38.29 37.30 
4092.7 4068.8 4034.9 4t 25.7 4063.4 4084.5 
319 36.6 34.3 36.40 38.53 37.76 

4077.2 4059.0 4064 5 4060 4075. 5 4071.3 
33.7 35.6 346 35.89 38.29 33.16 

.. ... .... 4068:() . ... ........ .... 4.0!j().1.. .... ... . .. 4()5~ : ' ........ +-_....:::.40::7;-::0:'.2=-_+---'4::0"'8"'8"'.6'-- + __ -=4::06::':7."'6--1 
32.9 35.9 34.2 36.2 38.4 36.1 
2.46 

COV (%) 
2.8 
0.3 
37.0 

4(.78.7 

3&3 
4053 .. 1 

38.4 

.... ~3.8:~ ... .. ..... .. 
37.9 
2.45 

COV (%) 
2.1 

#VALUE' 
47.7 

4065.1 
47.5 

2.46 

COV (%) 
1.9 
0.4 

41.2 
4102.5 
42.9 

4058.7 
427 

2.44 ~~ ~~ ~~ 

COV (%) COV (%) COV (%) COV (%) 
1.4 0.8 0.4 7.0 
0.4 0.9 0.3 0.2 

38~ ~33 .~ ~~ 

4057.4 4068.8 4043.5 4089.5 
40.0 45.28 45 29 ~.49 

4036.2 4090.6 4066.8 4064.2 
41.0 44.79 ~.23 4670 

4092.1 ... .. . .. . .... .. .. . ~.O:' .... .... +-_--'406=7.:.:.7'-_ + __ 4..:,:0:.::3:;::5:.:;.4'-_ + __ 4:,::06=7.::.8_--1 
42.3 39.8 45.1 45.6 46.7 
2.46 

COV (%) 
2.3 
0.6 

50.2 
4101.3 

52.2 

2.44 
COV (%) 

3.0 
0.3 

51.6 
4045.3 
49.4 

2.46 2.44 2.46 
COV (%) COV (%) COV (%) 

0.7 1.2 0.5 
O~ 0.4 ~3 

53.54 57.21 58.99 
4094.6 4068.3 4082.7 
53.20 54 28 58.00 

4056.0 4075.5 4037.4 4103 4046.7 4086.4 
., 53~ 52~ 

..... .. 4()7.6~ . ... .. . ...... . . 4(Jli7.5 ...... ............. 4()6.5 8 .. . 
47.1 

2.45 
COV (%) 

1.8 
0.3 

2449.1 

51.8 

2.46 
COV (%) 

2.8 
0.4 

2462.5 
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51.1 

2.44 
COV (%) 

3.0 
0.4 

2444.1 

55.85 5704 60.97 
4068 4018.9 4097.9 
54.2 56.2 59.3 
~~ ~44 2~ 

COV (%) COV (%) COV (%) 
2.7 2.9 2.5 
~4 ~9 0.2 

2462.6 2448.1 2458.0 

" 

Avera91 
2.9 
0.3 

Averag1 
2.4 
0.4 

AveraJ 1.6 
•• U., 

AveraJ 2.6 
0.4 



A d· B4 R ,ppen IX . . esu ts summary for batches cured at 35°C. 
Cement Type Type Type 1111 Type 1111 Type 1111 Type 1m Type 1m Type 1111 

Dale: LOI. CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 
Source: Manufacturer: Lalarge Cemenl Lafarge Cemenl Lafarge Cement Lafarge Cement Lafarge Cement Lafarge Cement 

Test Date 25·Mar-()9 25·Mar·09 25·Mar·09 3O·Jun·09 3O-Jun-()9 3O-Jun·09 
28 Day Crush Date 22·Apr·09 22·Apr·09 22·Apr·09 28·Jul-()9 28·Jul·09 28·Jul·09 

Techn ician EA.AA. AS EA, AA. AS EA. AR, AS EA. AA. AS EA, AA. AS EA. AR. AS 
Curing Temperature evC 35 35 35 35 35 35 

High Temp Curing DuraHon Days 1 2 3 1 1 1 
Description %Umestone 70% LS 70% LS 70% LS 70% LS 70% LS 70% LS 

Admixture None None None None None None 
Target Density 2407 2397 2394 2394 2403 2402 

Mix Design Notes 1 Batch 1 Batch 1 Batch 1 Batch 1 Batch 1 Batch 
Cement 457.7 461.0 459.6 455.4 3187 273.7 
GGBFS (25% & 40%) 68.3 91.2 

Class F Fly Ash (15% & 25%) 
Class C Fly Ash (20%&30%) 68.3 91.2 

Umestone 1268.5 1259.6 1256.0 1246.3 12612 1265.1 
Concrete Sand 518.2 514.6 513.1 509.2 515.2 516.8 

Water 203.7 214.3 213.7 211.7 199.0 1971 

KQ/m3 2437.7 2436.9 24365 2422.6 2430.7 2435.2 
Ambient Temoerature 21.0 21.0 21.0 21.0 23.0 23.0 
Material Temoeralure CemenVSand 31.0134.0 31.0/34.0 31.0/34.0 32.0/40.0 33.0/42 0 33.0/42.0 
Concrete Temperature 33.5 35.0 35.0 36.0 35.0 34.0 

W/C Ratlo Final 0.465 0.465 0.465 0.465 0.437 0.432 

Void Content % Initial 1.6% 1.4% 1.5% 1.4% 16% 1.6% 

Actual Moisture Content % Initial 

Thee Moisture Conlen!. % Initial 8.7 9.1 9.1 9.10 8.6 8.5 

Consistencv Siumo mm Inlhal 95 80 80 100.00 90 85 

Comjlressi"" StrenQlh, Moa, 0.0081713m'2 Cylinders (0.OOI6588m'31 
MPa 23.4 21., 221 20.41 189 192 

9 4025.1 4037. 1 4035.5 4045.6 399' 40542 

MPa 22.8 212 215 2034 19 204 

9 4064.8 4055.5 4037.0 4028.6 40 .6 4048.3 

MPa 215 22.3 222 19.85 20.1 18.7 

9 .... ... .. ~2?8,~ .. ...... ........ 42?!i l . ..... .. ....... .. 425:4} . .. ..... 4072.6 . .... .. .. ~2~& ....... .... __ .. 42~.! 2 ........ 
1 Day A""rage MPa 22.6 21.7 21.9 20.2 19.4 19.4 

Average glee 2.44 2.44 2.44 2.44 2.43 2.44 

COV(%) COV(%) COV (%) COV(%) COV (%) COV(%) COV(%) A""rage I 
A""rage MPa 4.3 2.7 1.7 1.5 3.1 4.4 3.0 

Average glee 0.5 0.4 0.3 0.5 0.9 0.2 0.5 

MPa 26.5 29.1 28.1 24.68 27.9 282 

9 4050 1 4040. 7 4043 4067.8 4059.6 4065 

MPa 282 27.6 28.1 24.t2 24.2 276 

9 4019.0 4061.7 4046.4 3998.4 3983.8 4033.3 

MPa 271 28.3 28.6 24.64 274 28.7 

g . 4()4!1L ... ... 4~:l!!;~ .... .. . .... . ... 4~?5:2. ... .. .. 3999.4 .. ...... 4~5.3:~ . . . .. .. . . ...... ... 4~?54 ... ... .. ....... . 
3 Day A""rage MPa 27.3 28.3 28.3 24.5 26.5 28.1 

Average glee 2.43 2.44 2.44 2.42 2.43 2.44 

COV(%) COV(%) COV (%) COV(%) COV (%) COV (%) COV (%) Average I 
A""rage MPs 3.2 2.7 0.9 1.3 7.5 2.0 2.9 

Average glee 0.4 0.3 0.1 1.0 1.0 0.4 0.6 

MP. 32.2 33.2 326 29.24 348 35.8 

9 4023.2 4034.6 4038.1 4005.3 4046.7 4049.1 

MPa 32.3 335 322 28.90 32.7 36.3 

g 4020.5 4046.3 4043.2 4034.7 4028.4 4057.0 

MPa 28.9 318 333 28.58 32.4 36.6 

4040.7 ....... 4~3!; 3 .. .. 4~3.14 . ........ 4030. 1 ......... 4~3.3 8 ...... 4048.7 
9 .. ................. ...... ...... ...... .... _ .... 

7 Day A""rage MPs 31.1 32.8 32.7 28.9 33.3 36.2 

Average glee 2.43 2.44 2.43 2.43 2.43 2.44 

COV (%) COV (%) COV (%) COV(%) COV(%) COV (%) COV (%) 
A""rage I 

A""rage MPs 6.3 2.7 1.8 1.1 3.9 1.1 2.8 

Average glee 0.3 0.2 0.1 0.4 0.2 0.1 0.2 

MPa 41.3 409 40.6 36.64 45.1 445 

4048. 1 4040 40421 4023.6 401 4 4037.7 
9 

MPa 416 422 412 36.21 42.4 44.9 

4 7.9 4042.8 4041.0 4017.4 4060.3 4052.5 
9 

MPa 40.6 40.8 418 38.11 45.1 464 

.. .. ..... 4~:l49 .. ....... .. .. 4~:9 ... .. .. .. 4()4 1.1.. .. .... . 4014.8 4021.4 --_ .. .. ........ 4~.F. .. ... 9 .. .. ........ . _-_ ................ 
Average MPa 41.1 41.3 41.2 37.0 44.2 45.3 

28 day 
AveraQe glee 2.44 2.44 2.44 2.42 2.43 2.44 

COV (%) COV (%) COV (%) COV(%) COV(%) COV (%) COV (~) Average I 
A""rage MPH 1.3 1.8 1.4 2.7 3.5 2.2 2.1 

Average glee 0.2 0.0 0.0 0. 1 0.6 0.3 0.2 

.8 2436.8 2436.0 2428.4 2430.9 2440. 1 
Average denSity 2433 
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Appendix 8.4. Results summary for batches cured at 35°C 

Cement Type 
Date: 

Source: 

Test Date 
28 Day Crush Dale 

Technician 
Curing Temperature 

High Temp Curing Duration 

Description 

Mix Design 

Cement 
GGBFS 

Class F Fly Ash 
Class C Fly Ash 

Umestone 
Concrete Sand 

W ater 

Ka/m3 
Ambient Temperature 
Malerial Temperature 
Concrete Temperature 

W/C Ratio 

Void Content, % 
Actual MOISture Content. % 

Type 
Lot # 

Manulacturer: 

(,C 
(Days) 

%l..Jmestone 

Admixture 
Ta rget Density 

Notes 

(25% & 40%) 
(15%&25%) 
(20%& 30%) 

CemenVSand 

Final 

Initial 
Inilial 

Type VII 
CEM090323 

Lafarge Cement 
5·May·09 
2·Jun-09 
EA. AA. AS 

35 

70% LS 

None 
2386 

1 Batch 

346,3 
1t5.4 

t257.8 
513.9 
214.7 

2419.5 
21 .0 

33.0133.0 
34.0 

0.465 

1.6% 

Type VII 
CEM090323 

Lafarge Cement 
5·May·09 
2-Jun'()9 
EA, AA. AS 

35 

70% LS 

None 
2381 

1 Batch 
277.4 
185.0 

1256.1 
513.2 
215.0 

2444.2 
21.0 

30.0/33.0 
32.0 
0.465 

1.5% 

Type VII 
CEM090323 

Lafarge Cement 
6·May·09 
3·Jun·09 
EA, RR, AS 

35 

70% LS 
None 
240t 

1 Batch 
368.7 

92.2 
1273.8 
520.4 
203.7 

2458.9 
21 .0 

30.0/30.0 
32.0 

0.442 

1.6% 

Type till 
CEM090323 

Lafarge Cement 
6·May·09 
3·Jun·09 
EA, AA, AS 

35 

70% LS 
None 
2395 

t Batch 
3t9.6 

137.0 
1257.7 
513.8 
20 1.8 
2429.8 

21.0 
30.0/32.0 

32.0 
0.442 

1.2'J/o 

Type till 
CEM090323 

Lafarge Cement 
6·May·09 
3·Jun·09 
EA. AA, AS 

35 

70% LS 

None 
2392 

1 Batch 
387.8 

68.4 

1252.1 
511.5 
205.3 

2425.1 
21.0 

32.0/33.0 
33.0 
0.450 

1.4% 

Type Vlt 
CEM090323 

Lafarge Cement 
6·May·09 
3-Jun·09 
EA. AA, AS 

35 

70% LS 

None 
2383 

t Batch 
343.0 

114.3 

1248.5 
5tO.0 
205.8 

2421.7 
21.0 

36.0/32.0 
33.0 

0.450 

2.0% 

Thea MOtsture Content % Initial 9.1 9.1 8.7 8.7 8.8 8.9 
ConSistency (Slump mm) Inrtial 100 90 70 95 90 90 

Compressive Strength, Mpa, 0,008171 3m A 2 Cylinders (0.0016588m A 3) 

1 Day 

3 Day 

7 Day 

28 day 

MPa 20.9 18.5 23.2 20.0 21.0 18.8 
g 4073.8 4004.6 4045 .3 4008.6 4059.1 4044. 1 

MPa 

9 
MPa 

9 
Average MPs 
Average glee 

COV (%) 
Average MPa 
Average glee 

MPa 
g 

MPa 

9 
MPa 

9 
Average MPa 
Average glee 

COV (%) 
Average MPa 
Avemge .glee 

MPa 
g 

MPa 

9 
MPa 

9 
Average MPa 
Average glee 

COV (%) 
Average MPa 
Average glee 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 

AveraQe Q/ee 
COV(%) 

Average MPa 
Average glee 

Average densrty 

21.8 176 23.1 20.3 19.4 19.6 
4000.7 40 15.7 4077.2 3990.1 4052 2 4031 .7 

t 7.8 23.1 200 20.0 18.6 

.... '." .. '" .... .. . ... . 4Q3:1: ? ...... .. " ... ,,~.9?4 .. ~ .. " .. t-_-",40~4:,6:-,.9,-_+ _ _ 4",0::5C':7:-,.9,--_+_ ----,4,:0,::3,,:6.:=9_--I 
21 .4 17.9 23.1 20.1 20.1 19.0 
~a U2 2~ ~~ U5 ~a 

~~ ~~ ~~ ~~ ~~ ~~ 
3.1 U U ~ U U 
1.3 0.4 0.4 0.7 0.1 0.2 

277 
3998.0 
26.5 

401 6.2 
25.9 

243 29.2 26.8 257 247 
4021. 8 4058.3 4009.6 4023.1 4045,2 

23.8 28.3 25.1 26.6 24.1 
4018. 3 4058.9 4011.7 4035.6 4052.5 
247 28.4 28.0 24.9 23.9 

......... 4C~5 .. 2 .. . . " ... . 4018 .6 ... " •. "." ".~.O~?:l" " ." 4009.5 4025.4 4026.9 
26.7 24.2 28.7 26.6 25.8 24.3 
U2 ~~ ~44 2~ 2~ ~44 

~~ ~~ ~~ ~~ ~~ ~~ 
3.4 1.8 1.7 5.5 3.3 1,8 
?2 0.0 0.2 0.0 0.2 0.3 

322 3O~ ~~ 32. 89 a~ 

3997 .~ 4006.4 4028.1 4030.4 4044.0 4056.5 
33.0 326 35.0 31.6 312 278 

40 14.0 3993.5 4032.6 4030.7 40291 4061.6 
32.2 31.1 ~.O 308 30.0 30.4 

........ :l9!j8:.3 ....... ......... 4<!36:9 .. ...... ...... .. 40Il4..1 4020 40272 40096 
32.5 31 .3 
2.41 2.42 

COY (%) COY (%) 
1.3 3.6 
0.2 0.6 

42.2 40.3 
4038 .3 4038.7 
41.3 41.2 

40 12.2 4040 2 
40.6 42.0 

.. .. .. . .:J9/!9 .. 5 ......... .... . :!<!8:'!,3 . 
41.4 

2.42 
COV (%) 

2.0 
0.6 

2420.5 

41.2 
2.44 

COV(%) 
2.1 
0.6 

2427.2 
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34.5 31.8 30.4 28,7 
2.44 2.43 2.43 2.44 

COY (% ) COY (%) COY (%) COY (%) 
1.5 3.4 2.4 5.1 
0.8 0.2 0.2 0. 7 

45.4 43.0 43.8 41.0 
4061.0 4026.5 3994.8 4005 .3 
45.5 42.2 39.6 40.7 

4103.6 4042.3 4028.6 4025.9 
467 44.9 41.1 41.7 

....... 4.0! .1 . . 5 ....... f-_...:4~0:.;:22=:.c:::6 __ f-_...:40::::=44:!;.c:::8 _ _ f-_...:4~0:.;:2:::0."-1 _--I 
45.9 43.4 41.5 41.1 

2.46 
COV (%) 

1.6 
0.5 

2448.5 

2~ 2~ ~~ 

COY (% ) COY (%) COY (%) 
3.2 5.1 1.2 
0.3 0.6 0.3 

2423.9 2432.6 2432.3 

Averag1 
2,3 
0,5 

Avera91 
2,9 
0.2 

Avera

J 2.9 
0.4 

Avera91 
2.5 
0.5 



Appendix 8.4. Results summary for batches cured at 35°C 

Cement Type Type Type VI I Type VII Type VI I Type 1111 Type 1111 
Date: LOI # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Source: Manufacturer: Lalarqe Cemenl Lalarge Cemenl Lala~ Cement Lala~ Cement Lala~e Cement 
Test Date 12·May·09 12·May·09 12·May,09 7·Jul·09 7·Jul·09 

28 Day Crush Date 9·Jun·09 9·Jun·09 9·Jun·09 4·Aug·09 4·Au9:09 
Technician EA. AA. AS EA. AA. AS EA. AA, AS EA. AA, AS EA. AA. AS 

Curing Temperature ("C) 35 35 35 35 35 
High Temp Curing OuraUon Days 1 1 1 1 1 

Description %Umestone 70% LS 70% LS 70% LS 70% LS 70% LS 
Admixture Advacas t 575 Dara tard 17 Daratard t7 Sodium Gluconale Sodium Gluconate 

Dosage 310.3 mlsll00kg 173.6 mlsl100kg 347.2 mlsll 00kg 0.10% 0.20% 
Target Densit 2410 2394 2395 2404 2413 

Mix Design Notes 1 Balch 1 Batch 1 Batch 1 Batch 1 Batch 
Cement 457. 7 458.5 457.1 456.9 458.6 

Umes tone 1270.6 1255.0 1251.7 1261.6 1276.7 
Concrete Sand 519.1 512.7 511.4 515.4 521 .6 

Water 202.2 212.2 21 0.7 204.5 197.7 

KQ/m3 2451.5 2439.3 2432.8 2440.8 2459.6 
Ambient Tem oera ture 21.0 21 .0 21.0 21 .0 21 .0 
Material Temoera ture CemenUSand 32.0/31.0 32.0/33 .0 31.0/30.0 33.0135.0 33.0/35.0 

Concrele Temperalure 32.0 32.0 31.5 33.0 34.0 
W/C Ratio Final 0.445 0.465 0.465 0.453 0.442 

VOId Con len t % Initial 2.0% 1.9% 1.9% t .6% 1.8% 

Actual Moisture Content % Iniltal 

Thea Moistu re Content, % Inllial 8.7 9.1 9.1 8.8 8.6 

Consistency (Slump mml Imtial 80 50 75 85 90 

Compressive Strength, Mpa, 0.OO81713m'2 Cylinders (0.OO16588m' 3) 

MPa 28.9 23.8 25.2 2808 29 

9 4052.1 4037.6 4045 7 4043.9 4079 6 

MPa 28.6 25.0 25.3 28.07 ·.76 

9 4049.3 4066 .2 4052.9 4050.1 406 t 

MPa 28.0 23.5 25.0 28.52 28.63 

9 . .. .. . ~~92 .. 4.0~ .L ... .. . 4057.3 .. ... ... 404 1 4085.7 .. . . . ..... .. --- . .... .. ... 
1 Day Average MPa 28.5 24.1 25.2 28.2 29.1 

Averaae Q/ce 2.44 2.45 2.44 2.44 2.46 

COV (%l COV(%) COV (%) COV (%) COV (%) COV(%) Averagl 
Average MP. 1.6 3.4 0.5 0.9 2.0 1.7 

Average glee 0.1 0.4 0.1 0.1 0.3 0.2 

MPa 29.4 28.9 322 3504 39.53 

9 4086.9 4023.7 4069 4053.7 4061.5 

MPa 304 282 31.4 33.0 t 41.3t 

9 4044.4 4065.9 4051.9 4033.4 4056 

MPa 30.0 28.t 314 33.74 41.41 

9 ~4.~:9. ..... 40:11..5" 4066.5 4056.5 4032.9 .. ... . .. " --- .... .... .. 
3 Day Average MPa 29.9 28.4 31 .6 33.9 40.8 

Averaae Q/ee 2.45 2.43 2.45 2.44 2.44 

COV(%) COV (%) COV (%) COV (%) COV (%) COV (%) Aver.J Average MP. 1.7 1.5 1.6 3.0 2.6 2.1 

Average glee 0.6 0.6 0.2 0.3 0.4 0.4 

MPa 357 31.9 375 37.60 43.26 

9 4067.9 4Ot5.3 4019.8 4052.9 4086.8 

MPa 34.8 33.t 367 36.11 48.73 

g 4047.3 4030.6 4039.8 4086.2 4078.2 

MPa 352 32.8 35.0 36.78 43.55 

9 4054.0 4:()373 . 4058.1 4056.4 4069.3 
....... . ..... . .... .. .. ..... 

45.2 
7 Day Average MPa 35.2 32.6 36.4 38.2 

Averaae Q/ee 2.45 2.43 2.44 2.45 2.46 

COV (%) COV (%) COV (%) COV (%) COV (%) COV (%) AveraJ Average MP. 1.3 2.0 3.6 1.6 6.8 3.0 

Average Q/ce 0.3 0.3 0.5 0.5 0.2 0.3 

MPa 45.0 43.9 478 43.40 57.18 

4083.2 4082.7 4036.2 4047.8 4096.7 
9 

MP. 44.5 42.5 491 44.31 52.96 

4056.3 4055.0 4020.2 4043.6 4072.6 
9 

MP. 446 43.2 46.3 44.55 57.22 

4~5.~:!l 4:0~1 ... ~ __ . .. .4~S():2 . .. 4054.9 4070.6 
9 . . ... . . . . ... .... .. .. . . . .. . ..... 

Average MP. 44.7 43.2 47.7 44.1 55.8 
28 day 

Averaae Q/ee 2.45 2.44 2.43 2.44 2.46 

COV (%) COV(%) COV (%) COV (%) COV (%) COV (%) AveraJ Average MP. 0.6 1.6 2.9 1.4 4.4 2.1 

Averaae Q/ee 0.4 1.0 0.4 0.1 0.4 0.5 

2436.9 2439.9 2442.6 2454.2 
Average denSIty 2446.8 
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Appendix B.s. Results summary for batches cured at 50°C 

Gement Type 

Date: 
Source: 

Test Date 

28 Day Crush Date 

Technician 

Curing Temperature 

Hfgh Temp Curing Duration 

Descri ption 

Mix Design 

Cement 

GGBFS 

Class F Ay Ash 

Class C Fly Ash 

Umestone 

Concrete Sand 
W ater 

Kglm3 

Ambient Temperature 

Material Temperature 
Concrete Temperature 

W/C Ratio 

Void Content % 

Type 

Lot # 
Manu fac turer. 

(OC) 

Daya) 

% Limestone 

Admixture 

Taroet Density 

Notes 

(25% & 40%) 
(15% & 25%) 
(20% & 30%) 

CemenVSand 

Final 

Initial 

Type 1m 
CEM090323 

Lafarge Cement 

31·Ma r·09 
28·Apr·09 
EA, AA, AS 

50 

70% LS 
None 
2370 

t Batch 

460.9 

1233.5 
503,9 
228.6 
2423.2 

21.0 
50 .0/45 ,0 

45 .0 
0,496 

1.5% 

Type VII 
CEM090323 

Lafarge Gement 

2·Apr·09 
30·Apr·09 
EA. AR, RS 

50 

70% LS 
None 
2370 

1 Batch 

462,2 

t 237,1 
505.4 
229 3 

2420,5 
21 .0 

4 1,0/49,0 
45.0 

0.496 
1.5% 

Type VII 
CEM090323 

Lafarge Cement 

2·Apr·09 
30·Apr·09 
EA. AA, AS 

50 

70% LS 
None 

2370 
1 Batch 

460.1 

123 1.4 
503 .1 
228,2 

241 6.9 
21.0 

43 .0148.0 
46.0 
0.496 

1.7% 

Type tm 
CEM090323 

Lafarge Gement 

2·J ul·09 
30·Ju l·09 
EA. AA, RS 

60 

70% LS 

None 
2370 

1 Batch 

458.2 

1226.4 
50 1.0 
227.3 
241 2,8 

21.0 
44.0/49,0 

45 ,0 

0.496 

1,5% 

Type VII 
CEM090323 

Lafarge Cement 

2·Jul ·09 
30·J ul·09 
EA. AA, RS 

50 

70% LS 
None 

2380 
1 Batch 

322,0 
69,0 

69,0 
1248.4 
510.0 
214.4 
2432.7 

23.0 
43,0/48 .0 

46,0 
0,466 

1.5% 

Type tl tl 
CEM090323 

Lafarge Cement 

2·Jul ·09 
30·Jul ·09 
EA. AR, AS 

50 

70% LS 

None 
2379 

1 Batch 

276,2 
92,1 

92,1 
1250 ,5 

510 .9 
212.2 
2434.0 

23.0 
4 3.0/48.0 

4 5.0 

0.461 
1.5% 

Actual Mois ture Content % Initial 

Thea Moisture Con lent. % Initial 9.8 9.8 9 ,80 9,77 9.2 9.1 
Consistency (Slump mm) Inillal 80 90 85.00 100,00 105 90 

Compressive Strength, Mpa, 0.008171 3m A2 Cyl inders (0,001 6588m A3 

1 Day 

3 Day 

7 Day 

28 day 

MPa 22.5 23.4 23,83 24,97 23.9 22.7 
4030, 1 

22,2 
4017,3 

22,2 

g 4020,2 401 5.4 4007.6 4022,9 4024.7 
MPa 22,9 23,5 23,08 25,11 22.7 

g 4026.4 4003.0 4004.7 4005,8 401 9 .1 
MPa 21.8 23,7 23,40 24.07 23.1 

9 
Average MPa 

Average glee 

COV (%) 
Average MPa 
Average glee 

MPa 
g 

MPa 

9 
MPa 

9 
Average MPa 

Averaoe oIee 
COV (%) 

Average MPa 
Average glee 

MPa 
g 

MPa 

g 
MPa 

9 
Average MPs 
Average glee 

COV(%) 
Average MPa 
Average glee 

MPa 
g 

MPa 

g 
MPa 

g 

Average MPa 

Average glee 
COV (%) 

Average MPa 
Average glee 

Average densIty 

f---,3":~::~"'~4",·3'--_+--'=~°'743'.::'----l'" .. ..4~~926 ....... .'I()~) ,.~ .... .. , ..... .. .. 4.0~9 .. .r,. 
23.6 22.4 

2,43 2.42 2.41 2.42 
COV (%) COV (%) COV (%) COV (%) 

2,5 0.7 1.6 2.3 
0,1 0.3 0. 3 0.4 

25,4 28.4 30,84 27.62 
4031.9 4015.2 4022,6 3990.8 

25,6 29,3 28,33 27,38 
4038.4 40 12 .5 40 17 ,4 40 13 .1 

24,5 29,0 29 66 28.45 

2.43 
COV(%) 

2.7 
0.4 

26.2 
4027 5 

27,3 
4009.4 

26,1 

. .. ...... .. ,4R?~,L. 
22.4 
2.43 

COV (%) 
1,4 
0,2 

26.9 
4043,5 

27,5 
3983.4 

27.5 

...... .. ~,04.0 1 .. .... . ...... .. .. 39!1? 7 .... ' .. 'f-_-'4o:o::2"'4-:'2'--_+ __ .:::40=2'::3'--_-l .. ' ...... :49.~.I,.9 ..... ... .... ... ... 4022,7,. .... .. 
2,,2 28.9 29.6 27,8 26,6 27.3 
'2.43 2.42 2.42 2.42 2.43 

~~ ~~ ~~ ~~ ~~ 
2.4 1,5 4,2 2.0 2.5 
0. 1 0 ,3 0 ,1 0.4 0.5 

28.8 30.8 33,07 29,75 29.6 
40 1 ~ 3 3991,2 4041 7 4017.7 4033 

28,0 30 3 32,24 28.47 28,5 
4000.3 4001 1 4026 ,3 4007.1 4007,9 

27.5 31.3 30.29 29,04 28,2 

2.42 
COV (%) 

1,2 
0 ,8 

29.3 
4012,7 

30.2 

4020,3 

30.1 

.... .. .. 4.0~3.~ ..... .. ... ~0.1.) . ~.. 1-__ 40=2:..:4'-'.I __ +_---'3:::9.::c98"' . .::c6_--I .. .. ...... ~0.57.L .... ..... ..... . . ~()?7.& ... , 
28.1 30.8 31 .9 29. I 28,8 29.9 
2,42 2.4 1 2.43 2.42 2.43 2.42 

~~ ~~ ~~ ~~ ~~ ~~ 
2.3 1,6 4.5 2,2 2.6 1,6 
0.4 0, 3 0 .2 0.2 0.6 0.2 

34.7 37,1 37.07 34,99 37,9 34.4 
4019 ,6 4014,2 3996.6 3992,2 4029,6 4045.9 

34.8 36.4 36.25 39.12 32.6 36.6 
4023,5 4004.4 4003. 9 3994.4 4056.8 4033 8 

37.4 39.0 37,02 37.28 35,0 37.5 

, .... . 4.0.1,?L . .......... , ~0:!6. :4 ..... f--__ 4:::0::2~6"'.8'--_+_~4:::0~20~4_-l ... .. .. , :49.~ !1L ... , ... , ..... 4()32:6 .. ..... . 
35.5 37,5 37.4 37,1 35.2 36,2 

2.42 
COV(%) 

4.6 
0,1 

2426,5 

2.42 
COV (%) 

3.7 
0 ,3 

2417.3 
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2.42 2.41 2.43 
COV (%) COV (%) COV (%) 

1,9 5,6 7.6 
0.4 0.4 0.5 

2420.4 241 7,6 2430,8 

2.43 
COV (%) 

4.4 
0.2 

2426.3 

Average I 
1,9 
0,3 

Averagej 
2,3 
0,4 

Average' j 
2,5 
0,3 

Average

J 
4,6 
0,3 



Appendix B.S. Results summary for batches cured at 50°C 

Ceme nt Type 
Date: 

Source: 
Test Date 

28 Day Crush Date 
Technician 

Curing Temperatura 
High Tamp Curing Duration 

Description 

Mix Design 

Cement 
GGBFS 

Class F Fly Ash 
Class C Fly Ash 

Limestone 
Concrete Sand 

Waler 

tSgLm3 
Ambient T em~ralu(e 

MateriaJ Tel1J~alure 

Concrete Temoeralure 
WIC RallO 

VOId Content % 

~ ~w ~w ~w ~w ~w ~W 
Lot - CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Manufac turer: r~La;;fa;.fll";:=7:C;;:e;::m-:en;;;t-t'L-:a;:fa:::Jg::,e::;Cem::::~e=n:-t+-L;-:a~fa::tr=g,e~Ceem~en::t:-1--;L-:a7fa::.rg::,e~Cem~~en~t-+--:-L~a;:fa:':rrge~Ce~m::e~n7t -+-:-L~af;:a'::rrge~Ce::=m~en~t-{ 

C 
(Oaya) 

%Limestone 
Admixture 

Target DenSity 
Notes 

(25%& 40%) 
(15% & 25%) 
(20% & 30%) 

CemenVSand 

Final 
Initial 

2O·May·Q9 2(}-May-09 22·May·Q9 22·May·Q9 26·May·Q9 26·May·Q9 
17·Jun·Q9 17·Jun·Q9 19·Jun·Q9 19-Jun·Q9 23-Jun·Q9 23·Jun·Q9 

1 1 1 1 1 1 

~~ ~~ ~~ ~~ ~~ ~~ 

None None None None None None 
2362 2357 2374 2368 2364 2355 

1 Bafeh 1 Batch 1 Batch 1 Balch 1 Batch 1 Balch 
345.1 276.9 370.2 322.6 390.9 343.4 
t 15.0 164.6 

225.9 
500 8 
228.3 
2415.1 

21.0 

48.0 
0.496 
1.6% 

1225.7 
500.7 
228.9 
2416.8 
2 1.0 

4501450 
43.0 

0.496 
15% 

92.6 
1248.4 
510.0 
220.3 
2441.5 

21.0 
420/48.0 

46.0 
0.476 
1.7% 

138.2 
1238.9 
506.1 
219.3 
2425. t 
210 

4601460 
46.0 

0.476 
1.6% 

69.0 

1229.9 
502.4 
223.5 
2415.7 

21.0 
4501440 

45.0 
0.486 
1.4% 

114.5 

1217.8 
497.5 
222.5 
2395.7 

2 1.0 
4501460 

47.0 
0.486 
1.3% 

Actual Moisture Content % Initial 
Thea Moisture Content % InItial 98 9.8 9.4 9.4 9.6 9.6 
Consistency Slumo mm Initial 80 90 90 110 95 130 

Compressive Stre ngth , Mpa 0.0081713m A2 Cylinders 0.001 6568rn A3 

1 Day 

3 Day 

7 Day 

28 day 

MPa 251 22.9 
4012.0 
22.5 

4020.4 
221 

21.4 
40 11.8 

22.7 
4026 2 

23.0 

21 1 23.4 19.3 

9 4017.4 4048.8 401 e.7 3998.3 

MPa 25 9 207 23.7 19.8 

9 
MPa 

9 
Average MPa 
Average alec 

COV (%) 
Average MPa 
Average (Yee 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 
Average oIee 

COV(%) 
Average MPa 
Average alec 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 
Average alec 

COV (%) 
Average MPa 
Average glee 

MPa 

9 
MPa 

g 
MPa 

9 
Average MPa 
Averace oIee 

COV(%) 
Average MPa 
Average (Yee 

Average density 

3964.7 
25.1 

... ... ... ~~.u ................ ~.~·.L .. .. ....... .. . ~.q~.~, ~ .. . 
25.4 22.5 22.4 
2.42 

COV(%) 
1.8 
0.6 
261 

40309 
27.0 

4005.9 
252 

2.41 
COV(%) 

1.8 
0.5 

25.4 
4032.2 

25.6 
3995.3 

25.7 

2.43 
COV (%) 

3.9 
0.3 

25.0 
3999.7 

26.1 
4026.2 

25.9 

4032.0 40076 3981.0 
20.9 229 197 

4026.0 3996 .3 3994.9 
20.9 23.3 19.6 
2.43 2.42 2.41 

COY (%) COY (%) COY (%) 
1.0 1.7 1.2 
0.3 0.3 0.2 

24.0 23.4 23.5 
4029.3 4000 3 3984.5 
~.4 _0 ~.3 

4021.3 3993.1 3988.4 
245 26.1 241 

....... 4()().9,1 .. ... .. .. ....... 39.~ .. 4 .. .. . ... ....... . . 4014.S ........ t-_ _ 40'7;2c::9."'8 _ _ t-_ _ 3::;996::.:;C'.3 _ _ t-_....:::3966::.:;-;:-9'---1 
25.5 25.7 24.3 24.5 24.0 26.1 

2.42 2.42 2.42 2.43 2.41 2.40 

~~ ~~ ~~ ~~ ~~ ~~ 
3.4 0.5 2.3 1.1 5.6 1.8 
0.3 0.5 0.3 0. 1 0.1 0.3 
30 6 291 28.1 282 30.4 24.8 

4053.4 4020.2 40252 4026.1 401 0.2 4020.7 
30.7 29 7 29.3 276 29.7 28.5 

4023.6 3990.1 4026.0 3988 1 3987.7 3985.9 
30.3 30.4 29.1 27.3 28.7 260 

....... .. 4!J1.1,9 .. .. . .. .. .. ...... ~.~S. .L .. .. . ... .. .. . . 4.~~:S. .. . . .. . . l-_-=400~50!.8'--_+_.....:4::06~7~2'-_+_--'394::::":0",.9'-_-1 
30.5 29.7 28.6 27.7 29.6 25.8 
2.43 2.41 2.43 2.42 2.42 2.40 

~~ ~~ ~~ ~~ ~~ ~~ 
0.8 2.2 2.3 1.6 2.8 3.5 
0.5 0.4 0.3 0.5 1.0 1.0 
37.5 37.5 34.6 33.1 34.7 38.3 

4002.3 4007.3 4051.3 4002.8 401 0 .0 3992.8 
38.7 38 2 38.9 35 1 37.0 382 

4023.3 4016 3 4048.0 4017.1 401 1.1 3974.8 
37.7 38 7 34.9 331 38.6 35.4 

...... .. 3~.2:6 ........ . . . . ..... ~~:.L ...... ......... 4.05.9:~ . ... .. +-_...2404:78'::'.0'-_+ __ 4:::000:=":=.2'-_ + __ 3::;9;;54C7.1 _ _ -1 
~ ~ ~ ~ ~ ~ 

2.42 
COV (%) 

1.7 
0.4 

24209 

2.42 
COV(%) 

1.7 
0.2 

24150 

159 

2.44 
COV (%) 

3.4 
0.0 

2429.6 

2.43 2.42 2.40 
COV (%) COy (%) COY (%) 

3.5 5.3 1.3 
0.6 0.1 0.5 

2425.2 241 6 .3 2400.5 

Average' I 
1.9 
0.4 

Average' I 
2.5 
0.3 

Average' I 
2.2 
0.6 

Average' I 
2.8 
0.3 



Appendix B.S. Results summary for batches cured at 50°C 

Cement Type 
Dale: 

Source: 

Test Date 
28 Day Crush Date 

Technician 
Curing Temperatura 

High Temp Curing Duratlon 

Description 

Mix Design 

Cemenl 
limestone 

Concrete Sand 
Water 

Kglm3 
Ambienl Temperalure 
Matenal Temoerature 

Concrele Temperalure 
W /C Ralio 

VOid Conlenl. % 

Type 
LOI' 

Manufacturer: 

(Days) 
%Umestone 

Admixture 

Dosage 
Targel Density 

Notes 

CemenVSand 

Final 

Initial 

Type 1m 
CEM090323 

LafarQe Cemenl 
27·May·09 
24.Jun·09 
EA. RR. RS 

50 

70% LS 
Advacasl 575 

310.3 mlsll00kg 
2410 

1 Balch 

458.6 
1273.0 
520.1 
202.6 

2455.7 
21.0 

43.0/49.0 
47.0 

0.445 

1.7% 

Type VI I 
CEM090323 

LalarQe Cemenl 
20·May·09 
17·Jun·09 
EA. RA. AS 

50 

70% LS 

Daralard 17 
173.6 mlsl l 00kg 

2370 
1 Balch 
462.2 
1237.2 
505.4 
228.3 
2434.0 
2 1.0 

43.0/44.0 
43.0 
0.496 

1.9% 

Type VII 
CEM090323 

LafarQe Cemenl 
20·May·09 
17·Jun·09 
EA, AA, AS 

50 

70% LS 
Dara lard 17 

347.2 mlsl l00kg 
2370 

1 Balch 

462.2 
1237.5 
505.6 
227.5 
2434.5 
21.0 

45.0/45.0 
45.0 
0.496 

1.9% 

Type 1m 
CEM090323 

LafarQe Cemenl 
9·Jul·09 
6·Aug·09 
EA. RR. RS 

50 

70% LS 

Sodium Glueonale 
0.10% 
2380 

1 Balch 

461.8 
1247.5 
509.6 
220.8 

2442.2 
21.0 

44.0146.0 
46.0 

0.484 

1.8% 

Type VII 
CEM090323 

Lafarge Cemenl 
9·Jul·09 
6·Aug·09 
EA. RR. RS 

50 

70% LS 

Sodium Gluconate 

0.20% 
2391 

1 Balch 
457.8 
1248.5 
510.1 
210.6 

2432.0 
21.0 

44.0/46 .0 
47.0 
0.471 

1.8% 
Actual Moisture Content. % Inilial 

Thea MOiSlure Content. % Inillal 8.7 9.8 9.8 9.50 9. 22 
Consistency (Slump mm) Inilial 100 70 85 70.00 85.00 

Compressive Strength, Mpa, 0.0081713m'2 Cylinders (O.0016588m' 3) 

1 Day 

3 Day 

7 Day 

28 day 

MPa 282 26.0 26.77 1228 25.9 
9 4084.3 40 11.4 4033.9 4031 3 4067.4 

MPa 32.1 247 25.9 26.82 14.08 
9 4078.2 4049 4 4028.9 4046.5 4075.3 

MPa 30.6 26.1 26.2 27.80 14.68 

g ......... 4()7.3L .... .. . .. .... . . ~9!i?.~ .. ..... ... .. .. . ~~1!iL ...... +-_--'!40"'5"'5"'.9"-_+ __ 4"'0"'3"'3".6'--_-l 
Average MPa 30.3 25.6 26.0 27.1 13.7 
AveraQe Q/ee 2.46 2.43 2.43 2.44 2.45 

COV (%) COV (%) COV (%) COV (%) COV (%) COV (%) 
Average MPa 6.6 2.9 0.6 2.1 9.1 
Average glee 0.1 0.6 0.2 0.3 0.5 

MPa 33.3 27.7 28.0 31.98 27.93 
9 4082.1 4022.2 40 15.8 4045.8 4030.7 

MPa 32.3 28.0 28.0 29.03 28.60 
9 4080.4 4029.1 4046.2 4065 3 40 16 

MPa 30.7 265 26.7 29.37 31.00 

9 .. .... .. . 4()9.?:0 .... ... » •••••• ,,"<?~:l .. 5 » •• » •• » •••• • • .39862 4039.5 4049.8 
Average MPa 32.1 27.4 28.2 30.1 29.2 
Average glee 2.46 2.43 2,42 2.44 2,43 

COV (%) COV (%) COV (%) COV (%) COV (%) COV (%) 
Average MPa 4.1 2.8 1.6 5.4 5.5 
Average glee 0.2 0.1 0.7 0.3 0,4 

MPa 35.0 30.2 30.4 31.96 32.00 
9 4<,193.8 4071 .2 4054.9 4016.8 4025.1 

MPa 35.2 29.8 30.9 33.76 31.65 
9 407" 6 4035.5 4040.1 4039.8 4049.8 

MP. 34.4 29 6 30.4 33.04 31 62 

g ... ..... . 4.10.4:7... . ... ......... . ,,°::11. .3 .... .. .... ... . . . ~()5!i:2 . . . 4034.7 4047.6 
Average MPa 34.9 29.9 30.6 32.9 31 .8 
Average glee 2.47 2.44 2.44 2.43 2.44 

COV (%) COV (%) COV (%) COV (%) COV (%) COV (%) 
Average MPa 1.3 0.9 1.0 2.8 0.7 
AveraQe Q/ee 0.4 0.6 0.2 0.3 0.3 

MPa 
g 

MPa 

9 
MPa 

9 
Average MPa 
Average glee 

COV {%) 
Average MPa 
Average glee 

Average density 

42.9 
4050 
43.5 

4106.8 
40.9 

..... .. .. 4()6.3:6. .... 
42.4 
2,46 

COV {%) 
3. 1 
0.7 

2461.0 

37.1 43.3 41.59 45.77 
4025.7 404 1.7 4049.4 4055. 1 
40.3 40.9 41 55 39.62 

4046.6 4057.5 4079.3 4020.6 
36.7 44.1 4094 39 31 

........ . ~9. () ..... .... ... .... 40.1.5,7 ...... . .. +-_ --"4702:.:4':-.5"-_ + __ "'40"'2"'6:;.:.5"-_-1 
mo ~J ~A ~~ 

2. 43 
COV {%) 

5.2 
0.3 

2433.4 

160 

~43 ~44 ~43 

COV (%) COV (%) COV (%) 
3.9 0.9 8.8 
Q 5 0.7 Q 5 

2431.2 2438.0 2436.4 

Averag1 
4.3 
0.4 

Aver:1 3.9 
0.4 

Averag1 
1.3 
0.4 

Averag1 
4.4 
0.5 



Appendix C Phase lIb Results: 

Appendix c.l. Results and batch information for all preliminary Proctors cast for 
establishment of the RCC reference mix design 

Appendix C.l.l Results summary for Proctor specimens cast with 55% Limestone 
by aggregate volume and varying water cement ratios 

Cement Type Type Type 1m Type VII Type 1/11 Type VII Type 1m 
Dale: LoIN CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Source: Manufacturer. Lalarge Cemenl Lalarge Cemenl Lalarqe Cemenl LafarQe Cemenl Lafarge Cemenl 
Test Date 13-Jul·09 13.Jul-09 13-Jul-09 13-Jul-09 13-Jul-09 

28 Day Crush Date lG-A"lt09 lG-AuQ·09 lG-Auq-09 lG-AuQ-09 10-Aug-09 
Technician EA, RA. AS EA. AA, AS EA. AA, AS EA, AA, AS EA AA, AS 
Description %Umestone 55% LS 55°;0 LS 55% LS 55% LS 55% LS 

Admixture None None None None None 
T arQel Density 2452 2440 2428 24 16 2404 

Mix Design Notes I Balch 1 Balch I Balch I Balch I Balch 
Cement 341 0 361 ,6 352.3 357, I 372,0 

limestone 1093.3 1148,2 1107.8 11 12.2 1147, 1 
Conerele Sand 852,7 895,5 864 ,0 867.4 894,6 

Water 102.3 115.7 119.8 128.6 141 ,3 
Kalm3 2389,2 2521.8 2443,8 2465,3 2555 2 

Ambient Temperature 210 21,0 210 2 1.0 21,0 
Matenal Temoerature CemenVSand 2UJl2 1.0 2UJl21.0 2UJl21 0 2UI12 1.0 21. 0121.0 

Concrele Temperature 22,0 22.0 22,0 22.0 22.0 
W/C Ral io Final 0.300 0,320 0,340 0,360 0.380 

Void Content % Initial 7.4% 1,9% 4.4% 3.1% -1.0% 
Actual Moisture Coment % Inilial 
Thea MOisture Content % Inrhal 4.8 5,1 5.4 5,7 6.0 
ConsiSleney Siumo mm Initial 

Compressive Strength, Mpa , 0,00Q943m"3 Proctors.l943cm"3J.. 
MPa 42.18 45,14 54.55 5489 4818 

g 224623 2376,93 2314.03 234 1.28 241003 

MPa 47.79 45.46 51,46 61.25 45.91 

9 2259.81 2379,09 2294,98 2308.28 2408,99 

MPa 

9 ... ...... ... .... 
28 Day Average MPa 

...... .. '4ifo· ........... ' '4sj· .. ........ ·53:0 · .... 58.1 47, 0 

Aver"ll.e Q/ee 2,39 2,52 2.44 2.47 2,56 

COV(%) COV(%) COV (%) COV (%) COV (%) COV(%) Average I 
Average MPa 8,8 0.5 4.1 7.7 3,4 4.9 

Average 5J/..ec 0.4 0,1 0,6 1.0 0,0 0,4 

Average denSity 2389,2 252 1.8 2 3 44 ,8 2465.3 2555.2 
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Appendix C.l.2 Results summary for Proctor specimens cast with 60% Limestone 
by aggregate volume and varying water cement ratios 

Cement Type Type Type 1111 Type VII Type 1m Type VII Type 1/11 
Date: Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Sou rce: Manufacturer: Lalarge Cement Lalar e Cement Lalarge Cement Lalarge Cement Lalarge Cement 
Test Date 14-Jul ·09 14-Jul·09 14·Jul-09 14-Jul-09 14-Jul -09 

28 Day Crush Date l l-AuQ-09 l l -AuQ-09 11·AuQ-09 l l -Aug-09 l l -Aug-09 
Technician EA. RR. RS EA. RR. RS EA. RR. RS EA. RA. AS EA. AA. AS 

Description %L..imestone 60"to LS 6O% LS 6O"Io LS 60"10 LS 6O"Io LS 
Admixture None None None None None 

TarQet Density 2457 2445 2433 242 1 2409 
Mix Des ign Notes 1 Batch 1 Batch 1 Batch 1 Batch t Batch 

Cement 338. 5 343.3 348.2 357.8 362 .3 
Umestone 1183.7 1189.2 1194.4 1215.7 1218.6 

Concrete Sand 752.3 755.7 759.0 772.6 774.4 
Water 10 1.5 109.8 118.4 128.8 t37.7 
Kglm3 2376.0 2398.5 2426.9 2464. 2 2490.8 

Ambient Temperature 21 .0 2 1.0 2 1.0 2 1.0 2 1.0 
Matenal Temperature CemenVSand 21 .012 1.0 21.012 1.0 21.0121 .0 2 1.0121.0 21 .012 1.0 

Concrete Temperature 22.0 22.0 22 .0 22.0 22.0 
W/C Ratio FInal 0.300 0.320 0.340 0.360 0.380 

Void Content % Initial 7.1% 6.8% 5.5% 2.9% 1.7% 
Actual Moisture Content % Initial 
Thea Moisture Content % Initial 4 .7 5.0 5.4 5.7 6.0 
ConsistencY Slump mm Intlial 

Compressive Strength, Mpa, 0.OOO943m" 3 Proctors 943cm" 3 
MPa 37.50 40.60 51.00 48.25 43.28 

9 2235.80 2265.20 2286.00 2321.80 2345.60 
MPa 36.20 39.50 49.87 49.20 45.10 

9 2245. 30 2258.30 2291 .20 2325.60 2352 . to 
MPa 

9 -..... . --- - .- ... .. 
28 Day Average MPa '3if9'--" -- ···.joT · ·-- · ·50:4·-- ---- ---- 48.7 44.2 

Average glce 2.38 2.40 2.43 2.46 2 .49 
COV("Io) COV ("Io) COV ("Io) COV ("Io) COV("Io) COV("Io) Average I 

Average MPa 2.5 1.9 1.6 1.4 2.9 2.1 
Average jllcc 0.3 0.2 0.2 0.1 0.2 0.2 

Average denSIty 2376.0 2398.5 2426 .9 2464.2 2490.8 

Appendix C.l.3 Results summary for Proctor specimens cast with 65% Limestone 
by aggregate volume and varying water cement ratios 

Cement Type Type Type 1111 Type VII Type 1m Type VII Type 1111 
Date: Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 

Source: Manufacturer; Lalarge Cement Lalarge Cement Lalarge Cement Lalarge Cement Lalarge Cement 
Test Date 15-JuI-09 15-Jul-09 15-JuI-09 t 5-Jul·09 15-Jul·09 

28 Day CrUSh Date ' 2-Aug-09 12-Aug-09 t 2-AuQ-09 12-AuQ·09 12-AuQ·09 
Technician EA. AR. AS EA. AR. AS EA. AA. AS EA. AA. AS EA. RR. RS 

Description %LJmestone 65"10 LS 65% LS 65"10 LS 65% LS 65% LS 
Admixture None None None None None 

Target Density 2462 2450 2437 2425 241 3 
Mix DeSign Notes 1 Batch 1 Batch 1 Batch 1 Batch 1 Batch 

Cement 336.'; 341 .2 344.9 349.5 353. 3 
Limestone 1274.5 1280.4 1281 .9 1286.2 1287. 6 

Concrete Sand 654.2 657 .2 658.0 660.2 660.9 
Water 100.9 109.2 117.3 125.8 134.3 
KoIm3 2365.0 2389.5 2404.0 2421.9 2435. 7 

AmbIent Temoerature 21.0 21.0 21.0 2 1.0 21.0 
Malerial Temperature CemenVSand 2 1.0121.0 21.0121.0 2 1.0121.0 2 1.0121.0 2 1. 012 1.0 

Concrete Temperature 22 .0 22.0 22 .0 22.0 220 
W /C Ratio Final 0.300 0.320 0.340 0.360 0.380 

Void Content % Initial 8.7% 7.4% 6.4% 5.2% 4.1% 
Ac tual MOlslure Content % Initial 
Thea Moisture Content % Initial 4. 7 5.0 5.4 5.7 6.0 
Consis tencv Siumo mm Initial 

Compressive Strength, Mpe, 0.000943m ' 3 Proctors 943cm"3) 
MPa 34.30 35.60 37.50 3480 3130 

9 2225.40 2258.06 2272. 50 2288.20 229850 
MPa 33.20 34.50 36.60 35.70 32.01 

9 2235.00 2248.50 2261.50 2279.50 2295.30 
MPa 

9 ..... .. ...... . ... .. .. ... ............ . .. . -_ ..... 
28 Day Average MPa --33:8 .... 35.1 

.......... 3:6 .. 
35.3 31.7 

AveraQe glce 2.37 2.39 2.40 2.42 2.44 
COV(%) COV(%) COV("Io) COV(%) COV(%) COV(%) Average I 

Average MPa 2.3 2.2 1.7 1.8 1.6 1.9 
Average glee 0. 3 0.3 0.3 0 .3 0.1 0.3 

Average denSIty 2365.0 2389.5 2404 0 242 1.9 2435.7 
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Appendix C.2. Results and batch information for aU RCC 100x200mm cylindrical 
specimens cast for testing 

A d ' C 2 1 R .ppen IX . . . esu ts summal2 for RCC cylinders batched and cured at 23°C 
Cement Type Type Type VII Type 1111 Type VII Type 1111 Type VII 

Date : Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 
Source : Manufacturer: Lafarge Cement LafarQe Cement Lafarge Cement Lafarge Cement Lafar>le Cement 

Test Date 14-Jul-09 15-Jul-09 16-Jul-09 15-Jul-09 16-Jul-09 
28 Day Crush Date l l-A~09 12-AuQ-09 13-Aug-09 12-Aug-09 13-A~09 

Technic/an EA. PF. AJ. AA . AS EA. PF. AJ. AA. AS EA. PF. AJ. AA . AS EA. PF. AJ. AA . AS EA. PF. AJ. AA. AS 
Curing Temperature {"C) 23 23 23 23 23 

High Temp Curing Duration (Days) 0 0 0 0 0 
Descr iption %limestone 55% LS 55% LS 55% LS 55% LS 55·~ LS 

Admixture None None None None None 
TarQet Den~ 2511 2S01 2502 2504 2501 

Mix Design Notes 1 Batch 1 Batch 1 Batch 1 Batch 1 Batch 
Cement La Farge 352.8 209.8 245.9 245.9 210.4 
GGBFS Grade 80 139.9 52.7 70.1 

Class C Fly Ash Edge Water 105.4 52.7 70. 1 
limestone 14mm 1152.7 11 36.9 1144.2 1144. 1 11 40.9 

Concrete Sand ASTMC33 899.0 886.7 892.4 892.3 889.8 
Water 127.0 125.9 124.0 125.1 124.5 
Kglm3 2531.5 2499.2 2512.0 2512.7 2505.9 

Ambient Temperature 23.0 23.0 23.0 23.0 23.0 
Material Temperature Cement/Sand 23.0 23.0 23.0 23.0 23.0 
Concrete Temperature 23.0 23.0 23.0 23.0 23.CJ 

W /C Ratio Final 0.360 0.360 0.353 0.356 0.355 
Void Content % 1000iai 0.7% 1.6% 0.1% 1.1% 1.3% 

Actual Moisture Content % Inrtial 5.35 5.19 
Theo Moisture Content. % Inrtial 5.5 5.5 5.43 5.47 5.46 
Consistenev (VeBe Voids) Initial 20.2 19.6 18.0 17.4 17.2 
Modified VeBe Time (sees) Initial 40.0 36.0 40.0 40.0 40.0 

Compressive Strength, Mpa, 0.0081713m ' 2 Cylinders (0.0016588m' 3) 
MPa 40.3 ~4.8 29.55 28.23 22.44 

9 41 94.4 411 6 41 46.7 4164.89 4165. 5 

MPa 37.8 24.3 28.37 27.64 24.38 
1-

9 4196.3 4167.0 41 66.6 41 51.4 41 77.9 

MPa 40.3 22.4 29.36 29.75 24.83 

9 ... .... ... 4.?Q.l ,!! .. ... . <I.1.1.E 4179.3 4163 7 41 54.5 .. . --- .- .. .. .... ..... 
1 Day Average MPa 39.5 23.8 29.1 28.5 23.9 

Average glee 2.53 2.49 2.5 1 2.51 2.51 

COV(%) COV (%) COV(%) COV(%) COV (%) COV (%) 

Average MPa 3.7 5.3 2.2 3.8 5.3 

Average glee 0.1 0.7 0.4 0.2 0.3 

MPa 55.7 52.8 53.28 60.75 SO.16 

9 4185.3 4152 4175 2 41 72.2 4161 .1 

MPa 57.5 SO.1 57 .44 59.27 55.25 - - 1'-
9 4202.8 41 57.7 4167.4 4163.2 4142.4 

MPa 55.0 52.2 58.22 55.52 52.51 

9 4179.4 4180.1 4156.8 4171 .8 4154.7 ............... -_ .... .. ... ... . _--- .... ... .. -_ ....... -
7 Day Average MPa 56.0 51 .7 56.3 58.5 52.6 

AveraQe glee 2.53 2.51 2.51 2.51 2.50 

COV (%) COV (%) COV (%) COV (%) COV (%) COV("") 

Average MPa 2.3 2.7 4.7 4.6 4.8 

Average glee 0.3 0.4 0.2 0.1 0.2 

MPa 67.6 70.6 72.30 7177 74.69 

9 4169.4 41 56.2 41 58.2 4 161.7 4161.4 

MPa 67.4 67.9 75.33 7363 7160 

9 4207 9 41 651 4179.5 4167.7 4159.9 

MPa 66.6 69.3 7423 72.69 72.30 

... .. ~.2.0(): 1 ........ ... 41 74.6 41 71.3 41 4B.5 4164.9 
9 ... . ... - -_ ......... __ .. .... -...... 

74.0 72.7 72.9 
28 day Average MPa 67.3 69.2 

AveraQe glee 2.53 2.52 2.51 2.51 2.51 

COV (%) COV(%) COV (%) COV(%) COV (%) COV (%) 

Average MPa 0.7 2.0 2.1 1.3 2.1 

Average glee 0.2 0.4 0.3 0.2 0.1 

4169 4 41 36 4183.9 4171 .3 4146.6 
9 

4207.9 4147.0 41 60.1 4163.4 4157 5 
9 

...... .... 4.2.Q():~ .... 4153.7 4156.5 4169.2 4164.1 
9 .. --- ... .... ............ ... ....... . 

2.51 2.51 
56 day, RCPT Ave~e glee 2.53 2.50 2.51 

COV (%) COV (%) COV (%) COV (%) COV (%) COV(%) 

Average glee 0.2 0.2 0.4 0.1 0.2 

9.7 2503.9 2512.0 2510.3 2507.5 Average denSity 252 
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A\ ... rageJ 
4.1 
0.3 

AverageJ 
3.8 
0.2 

Averag

J 1.6 
0.2 

AverageJ 
0.2 



A .ppen d' C 2 2 R IX esu It s summary f or RCC r d CyllD ers b t h d a C e an d cure a 
Cement Type Type Type VII Type 1111 Type 1111 Type VII Type 1111 

Date: Lot # CEM090323 CEM090323 CEM090323 CEM090323 CEM090323 
Source: Manufacturer: Lafarge Cement Lafarge Cement Lafarge Cement Lafarge Cement Lafarge Cement 

Test Date 16-Jul-09 16-Jul-09 20-Jul-09 20-Jul-09 20-Jul-09 
28 Day Crush Date 13-Aug-09 13-Aug-09 17-Aug-09 17-Aug-09 17-Aug-09 

Technician EA. PF. RJ. RR. RS EA. PF. RJ. RR. RS EA. PF. RJ, RR, RS EA. PF. RJ. RR. RS EA. PF, RJ. RR. RS 

Curfng Temperature (iC) 35 35 35 35 35 
High Temp Curing Duration (Days) 1 1 1 1 1 

Description %Limestone 55% LS 55% LS 55% LS 55%LS 55% LS 

Admixlure None None None None None 
Target Density 2502 2492 2498 2496 2495 

Mix Design Notes 1 Balch 1 Batch 1 Batch 1 Batch 1 Batch 

Cement LaFarge 354.2 211.4 246.0 247.3 211 .5 
GGBFS Grade 80 140.9 53.0 70.5 

Class C Fly Ash Edge Water 105.4 53.0 70 .5 
Limestone 14mm 11 48.3 1136.5 1140.0 1144.1 11 4 1.4 

Concrete Sand ASTM C33 895.6 886.4 889. 1 892.3 890.2 
Water 133.2 132.5 126.8 130.0 128.7 

Kq/m3 253 1.3 2507.7 2507.4 2519.8 2512.8 
Ambient Temperature 23.0 23.0 23.0 23.0 23.0 
Material Temperature CemenVSand 23.0 23,0 23.0 23.0 23.0 

Concrete Temperature 23.0 23.0 23.0 23.0 23.0 
W/C Ratio Final 0.376 0.376 0.361 0.368 0.365 

Void Content % In itial 0.3% 0.9% 1.1% 0.6% 0.8% 
Actual Moisture Content % In itial 5.60 6.04 
Thea Moisture Content % Initial 5.8 5.8 5.6 5.65 5.61 
Consistency (VeBe VOids) Initial 17,8 18.3 17.2 17.5 18.0 
Mod~ied VeBe Time (secs) Initial 40.0 40.0 36.0 40.0 40.0 

Compressive Strength, Mpa, O.0081713m"2 Cylinders (0.0016588m" 3) 
MPa 39.7 28.5 38.9 36.38 29.07 

9 4180 4147.6 4157.2 4180. 1 4151.1 
MPa 42.4 31.3 38.8 35.76 32.97 

9 4179.3 4 152.3 4159.7 4172.4 4163.7 
MPa 41.5 30.5 38.2 34.18 30.37 

9 ...... ... ~.l.~~J ... ..... . ... ..... .. ~.q~,\l ... ... ... ... ... . .. ~ 1.8~ " . .. ----. r-' 
4172.2 4148 

1 Day Average MPa 41.2 30.1 38.6 35.4 30.8 
Average q/cc 2.52 2.50 2,51 2.52 2.50 Average I 

COV(%) COV (%) COV(%) COV(%) COV(%) COV(%) 3.8 
Average MPa 3.3 4.9 1.0 3.2 6.4 0.2 

Average glec 0. 1 0.2 0.3 0. 1 0.2 

MPa 54.8 52.7 54.8 51 .34 49.67 

g 4171.1 4157.8 4186.8 4185.9 4149.7 

MPa SO.6 49.5 52.2 54 .09 49.04 

9 41 74.6 41 54.5 41538 4162.2 4145.5 

MPa 54.0 54.0 55.6 51 .93 54.06 

9 ... ... ... ~ 1.7.7 .. 1 .... .... . -. .. .. .... 4.! ;J~ ,4 .... ..... ......... ~~?;J~ . .. _- .. . 4160.4 41677 
7 Day Average MPa 53.1 52.1 54.2 52.5 50.9 

Average glec 2.52 2.50 2.51 2. 51 2.50 Average I 
COV(%) COV (%) COV(%) COV(%) COV(%) COV(%) 4.0 

Average MPa 4.1 4.4 3.3 2.8 5.4 0.3 

Average glcc 0.1 0.3 0.4 0.3 0.3 

MPa 61 .2 62.9 70.7 69.60 68.60 

9 4174.4 4137.9 4156.9 4161 .2 4160.9 

MPa SO.5 62.0 71.8 72.76 68.99 

9 41890 4145 .3 4171.1 4177 4 4156.4 

MPa 66.9 69.0 72.7 68.77 70.56 

9 ........ ~?()4 .. ? .. _- .... ... ....... 4.!~,\l. ..... .... . .. ... .. ~~.? I : ;J .. .. .. .. .. 41 66.2 4165.8 

28 day Average MPa 62.9 64.6 71 .8 70.4 69.4 
Average q/cc 2.53 2.50 2.51 2.5 1 2,51 Average

J 
COV(%) COV(%) COV(%) COV (%) COV (%) COV (%) 3.5 

Average MPa 5.5 5.9 1.4 3.0 1.5 0.2 

Average glcc 0.4 0,2 0.2 0.2 0.1 

9 4198.8 4155.5 4170.4 4189.1 4162.8 

9 4200.3 41 46.6 4153.7 4171 .7 4160.4 

9 .......... ~1~7 .. 6 .... .... . .. ... .. . ~.!!!O ...... .... .... .. .. ~~.5;J:~ . .. . .- 0 ' 
4178.5 4181.2 

56 day, RCPT Average glec 2.53 2.51 2.51 2.52 2.5 1 Average I 
COV(%) COV (%) COV (%) COV (%) COV(%) COV (%) 0.2 

Average glcc 0.0 0.4 0.2 0.2 0.3 

Average denSity 2523.7 2502.0 25 10.9 25 15.8 2507.5 
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Appendix C.2.3. Resu ts summary for RCC cylinders hatched and cured at 50°C 
Cement Type 

Date: 
Source: 

Test Date 
28 Day Crush Date 

Technician 

Curln!! Temperature 
High Temp Curing Duration 

Descript ion 

Mix Design 

Cement 
GGBFS 

Class C Fly Ash 
Limestone 

Concrete Sand 
Water 

KQ!m3 
Ambient Temperalure 
Material Temperature 

Concrete Temperature 
WIG Ratio 

Void Content % 
Actual Moisture Contenl % 

Type Type VII 
Lot # CEM090323 

Manufacturer: Lafarge Cement 

("C) 
(Days) 

%Limestone 
Admixture 

Tarqet Density 
Notes 

LaFarge 
Grade 80 

Edge Wat , 
14mm 

ASTM C33 

Cement/Sand 

Final 

Initial 
Inrtial 

21-Jut-Q9 
18-Aug-OS 

EA. PF. AJ. AA. AS 

so 

55%LS 
None 
2490 

1 Balch 
353.9 

1136.6 
886.5 
140.1 

2516.5 
23.0 

47.0/45.0 
4S.0 

0.396 

0.4% 

Type till 
CEM090323 

Lafarge Cement 
21-Jut-Os 
18-Aug-OS 

EA. PF. AJ. AA. AS 

50 

55% LS 
None 
2480 

1 Batch 

212.1 
141.4 

1129.7 
881 .1 
140.0 

2494.5 
23.0 

47.0/45.0 
49.0 

0.396 
0.5% 

Type 1111 
CEM090323 

Lafarge Cement 
22-Jul-OS 
I S-Aug-OS 

EA. PF. AJ. AA. AS 

so 

55% LS 

None 
2484 

1 Batch 

248.3 

106.4 
1140.8 
88S.7 
134.8 

2525.2 
23.0 
23.0 
23.0 
0.388 

0.2% 

Type VII 
CEM090323 

Laf~Cement 

22-Jul-OS 
IS-Aug-OS 

EA. PF. AJ. AA. AS 

so 

55% LS 
None 
2483 

1 Batch 
247.S 
53.1 
53.1 

1136.1 
886.1 
137.4 

2511.9 
23.0 
23.0 
23.0 
0.384 

0.3% 

Type 1111 
CEM090323 

Lal~Cement 

22-Jul-QS 
19-A':!ll:0S 

EA. PF. AJ. AA . AS 

50 

55% LS 
None 
2486 

1 Batch 
212 .S 
71.0 
71.0 

1138.6 
888.0 
136.3 

2530.8 
23.0 
23.0 
23.0 
0.380 
0.1 % 

Theo Moisture Content % Initial 6.1 6.1 6.0 5.90 5.84 
Consistency (VeBe Voids) Initial 17.2 18.7 19.6 17.5 17.0 
Modrtied VeBe Time (secs) Initial 40.0 36.0 36.0 36.0 40.0 

Compress ive StrenQth, Mpa, 0.0081713mA2 Cylinders (0.0016588m A3) 

1 Day 

7 Day 

28 day 

56 day, RCPT 

MPa 39.7 33.8 37.9 
4184.3 

38 .9 
41 73.4 

35.5 

....... ... 4.170.8 

42 .87 39.85 
g 

MPa 
g 

MPa 

g 
Average MPa 
Average gLee 

COV(%) 
Average MPa 
Average Q!ee 

MPa 
g 

MPa 
g 

MPa 

9 
Average MPa 
Average Q!ee 

COV(%) 
Average MPa 
Average glee 

MPa 

9 
MPa 

9 
MPa 

9 
Average MPa 
Average glee 

COV (%) 
Average MPa 
Average glee 

9 
9 
9 

Average glee 
COV (%) 

Average glee 
Average denSity 

4196.1 4137.2 
45.1 ~ .4 

4173.7 41 62.7 
43.9 298 

........ m7.-.L .......... ...... 4.1~ 1 .. L .. ... . 
42.9 31.7 
2.52 2.50 

COV (%) COV (%) 
6.6 6.3 
0.5 0.3 

46.6 40.8 
4169.3 4179.7 

51 .9 43.4 
4183.4 41 48.4 

51 7 42 .5 

......... ~1.8. 1 .. 2 ... .... ... ...... .... 4.1.5~ 4 ....... .. 
50.1 42.2 
2.52 2.51 

COV (%) COV (%) 
6.1 3.1 
0.2 0.4 

63.5 53.7 
41 78.1 4173 
60.2 55.9 

4161.3 4165.3 
58.8 51.0 

......... 41~1 .. ? .. .. .. ............. 4 1~:3 
60.8 
2.52 

COV(%) 
4.0 
0.3 

53.5 
2.51 

COV (%) 
4.6 
0.1 

41 71.1 41 57.4 
40.90 - 40.25 

4155.6 4175.2 
40.66 37.89 

...... . t-_~4.:-:'8:,,5::,. 6"-_-t-___ 4::'~5~6 _ _ -j 
37.4 41.5 39.3 
2.52 2.51 2.51 

COV (%) COV (%) COV (%) 
4.7 2.9 3.2 
02 04 03 

47 .4 49.00 51.20 
4182 4166 4170.3 
48.4 SO.13 48.59 

4190.3 4177 41 73.4 
47.3 51.82 49.03 

4179.1 4175.7 41 64 
-_ .... ... 47.7 ·· ·-I---'''"SO='.':-3'-----+- - - -:-49:'.::-6---j 

2.52 2.52 2.51 
COV (%) COV (%) COV (%) 

1.3 2.8 2.8 
0 1 0 1 0 1 
64.2 61.45 58.32 

4160.3 4168.4 4166.3 
63.2 62.09 62.93 

41 74.7 4176.2 41 80 
62.3 63.49 60.26 

......... ~1.8.~:~ ..... .... 1-_-,-4",' 6""-:'. 5~ _ _r---4::_:'8:_':".2---1 
63.2 62.3 60.5 
2.52 2. 51 2.52 

COV (%) COV (%) COV (%) 
1.5 1.7 3.8 
0.3 0.2 0.2 

4162.3 
4180.9 

41354 4175.7 4152.1 4185.9 
4141 .8 4209.1 4185.4 4202.6 

........ ~1?~ .. ~ .......... .. ...... 4.1~~0 .................. ~~.8.~ :~ ......... r_--4:..:':=:6::;2 . ...;.4-.-t_--4";2~0;:;5:".6-_1 
2.52 2.49 2.53 2.5 1 2.53 

~~ ~~ ~~ ~~ ~~ 
0.2 0.1 0.4 0.4 0.3 

2517.1 2504.2 2520.1 25 13.8 2517.8 
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Appendix D. Determining Admixture Solids Content 

Scope 

To determine the solids content of chemical admixtures. 

Materials Required 

1 Sample of Ottawa Silica Sand 20-30 mesh 

Aluminum weighing dishes 

- Glass weighing dishes 

Disposable pipets 

1 Convection oven @ 105 C 

1 50g capacity analytical balance 

Procedure 

For a liquid sample: 

100g of the silica sand was dried overnight at 105 +- 3 C and then stored in a desiccator. 

1) An aluminum dish was placed on the balance and using a spoon sufficient sand was 

added to obtain a total weight of24 grams. The weight was recorded as (WTI). 

2) A pipet was thoroughly rinsed in the admixture and a 4 to 5 gram sample was 

rapidly placed over the sand as evenly as possible. This weight was recorded as 

(WT2). The weighed sample was diluted with distilled water to help spread the 

sample more evenly. 
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3) The sample was dried in an oven for 17 +- 0.5 hours at 105 +- 3 C. It was then 

placed in a desiccator to cool for 5 minutes before weighing. The weight was 

recorded as (WT3). 

Calculation: 

% Solids = (WI3 - WTl) * 100 

(WT2- WTl) 

Note: Method developed by Philip Zacarias of Shaw Cor Ltd. 
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Appendix E. Blending of Aggregate to Establish Moisture Content Above SSD 

Scope 

Dry aggregate was blended with water in order to ensure that its moisture content was 

above its saturated surface dry condition. This was done to ensure that aggregates did not 

flash absorb moisture from a concrete mix leading to problems with consistency and 

mixing. 

Equipment and .Materials 

2 steel shovels 

1 hose with potable water 

1 misting nozzle 

1 4x8 sheet of plywood sealed with polyurethane 

1 sufficient quantity of aggregate to perform necessary batching 

20 liter pail(s) with lid(s) 

Procedure 

14. The 4x8 sheet of polyurethane coated plywood was placed on a clear area of 

floor. 

15. Enough aggregate necessary to batch one days mixes was transferred onto the 

sheet of plywood. 

16. Using a shovel, the aggregate was uniformly spread out on the plywood sheet. 

17. The aggregate was misted with enough water to dampen the surface layer. At the 

conclusion of blending the aggregate had a water content greater than its 

absorption value (Le., water content when the aggregate is saturated surface dry). 

18. The aggregate was blended by turning the pile over several times with the 

shovels. 
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19. This was accomplished by having two technicians with shovels positioned 

opposite to each other, digging into the base of the pile and dumping the 

aggregate on top of the pile. The technicians moved one step clockwise or 

anticlockwise after each shovelful, and repeated until they had made four to six 

revolutions. 

20. Once the aggregate had been thoroughly mixed and the water content was 

homogeneous, the aggregate was transferred to the necessary amount of20 liter 

pails. 

21. After all the aggregate had been transferred to the necessary number of 20 liter 

pails, each had an air tight lid attached. 

22. The pails were stored until moisture determination and batching was set to begin. 

Note: Method developed by Philip Zacarias of Shaw Cor Ltd. 
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Appendix F. Determination of Aggregate Moisture Content 

Scope 

The moisture content was determined by drying aggregates on a hotplate until a moisture 

free state was obtained. Lumps of material were broken up during the drying process to 

insure complete moisture removaL A strip of paper was used to indicate the moisture free 

condition. 

Equipment and .Materials 

1 sampling scoop or spoon 

1 reusable plastic container with lid 

1 scale with a 4 kg capacity and readability of 0.1 grams 

1 electric or gas hotplate with 2 4 burners 

2 large steel frying pans 

1 spatula 

1 long tweezers (>75 mm in length) 

1 long handled spoon 

1 metal screen to prevent aggregate from being ejected outside the frying pan 

1 paper strip (approximately 25 x 100 mm in dimensions) 

Procedure 

1) A one kg sample of aggregate from each previously blended aggregate pail was 

obtained and placed in a container with a lid. The samples were blended thoroughly 

in the container with a long handled spoon and kept closed. 

2) A 500 +1- 25 grams sample of aggregate was quickly weighed to the nearest 0.1 

grams and recorded as Ww. 
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3) The sample of aggregate was then quantitatively transferred to the frying pan and the 

burner was switched on. 

4) While the aggregate was drying, any large agglomerates were broken up with a 

spatula if necessary, and the aggregate was spread evenly over the heated surface. 

5) When the aggregate appeared to be dry, a paper strip was laid on top of the aggregate 

using the tweezers (while it was still being heated). If the edges ofthe paper strip 

curled up, then moisture was present. If the edges of the paper strip did not curl up, 

then the paper strip was turned upside down and laid down again at a right angle to 

the previous position. This was repeated two more times and if no movement was 

observed, the aggregate was considered to be dry. 

6) Once dry, the aggregate was quantitatively transferred to a weighing vessel on the 

scale and this mass was recorded as W d. 

7) The following equation was used to calculate the moisture content: 

MC = (Ww - Wd)/Ww *100 

where, 

MC = 

Ww = 

Wd 

moisture content 

wet aggregate weight 

dry aggregate weight 

Note: Method developed by Philip Zacarias of ShawCor Ltd. 
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Appendix G. Example of Excel Mix Design Spread Sheet 

(l nler dala in ) ello .. cell' onl) 

MIX IOEI'TIFlCATION 

TOTAL CEMENTITIOUS, KG/M 

GGBFS,% 

FLY AS H. % 

SILICA FUME, % 

W/(C+S) RATIO 

Limestone 

Sand 

VO IO CONTENT. % 

I Reference Concrele 

450.0 

0.0 

0.0 

0.0 

0.445 

70.0 

30.0 

I 2.0 

DENSITY 

KG/M3 

3150 

2910 

2550 

2320 

2890 Lafarge 14mm 

2600 Concrele sand ASTM C33 

* Relative to lolal aggregate contenl 

Password ; Dala 

% ABSORPTlOl\ % MOIST. * Relalive 10 lotal aggregale contenl (difference) 

Limeslone 

Sand 

ADMIXTURES 

- WATER REDUCER #1 

- WATER RED UCER #2 

- OTHER 

- OTHER 

BATCH SIZE 

CO MPO NENT 

PORTLAND CE 

GGBFS 

FLY ASH 

SILICA FUM E 

Li mestone 

Sand 

WATE R 

WR#I 

WR #2 

OTHER 

OTHER 

AIR CO NTENT 

TOTAL 

CO RRECTED 

ACTUAL 

MENT 

I 200.25 

KG/M3 

KG/M 3 

KG/M3 

I ~:~: I 
3.00 

2.00 

MLS/I OO KG SP GR 0;' SOLIDS 0 TYPE SOURCE 

0 1.100 32.00 Advacast 512 

0 1.124 50.00 Daratard 17 

0 1.000 0.00 

0 1.000 0.00 

..... __ 6;,;5;...._ ... KG 0.027 m' 

K G/M3 

450.0 

0.0 

0.0 

0.0 

1288.4 

496.8 

200.3 

0.0000 

0.0000 

0.0000 

0.0000 

2435.5 

2435.5 

2435.5 

DENSITY 

KG/M3 

3 150 

2910 

2550 

2320 

2890 

2600 

1000 

1100 

11 24 

1000 

1000 

YIELD 

M3 

0.1429 

0.0000 

0.0000 

0.0000 

0.4458 

0.1 911 

0.2003 

0.0000 

0.0000 

0.0000 

0.0000 

0.0200 

1.0000 

ESTIMATED VOIO CO NTENT: 

PASTE VOLUME FRACTION : 

KG 

BATCH 

12.01 

0.00 

0.00 

0.00 

34.39 

13.26 

5.34 

0.00 

0.00 

0.00 

0.00 

65.00 

2.00 

0.343 

2.0 (nol illcluding ,uid.) 

.~ 

0.94 ft' 

MOISTURE 

ADJUSTED 

KG 

35.35 

13.43 

4.214 

0.0 

0.0 

0.0 

0.0 

011 

KG I 

KG/M3 

ACTUAL 

450.0 

0.0 

0.0 

0.0 

1288.5 

496.8 

200.3 

0.0 

0.0 

0.0 

0.0 

2435.5 

ACTUAL VOID CONTENT, % 

TOTAL W/(C+S) RATIO ,--_0.:..;.",,46:..:2,--_._ TAL MOISTU RE CONTENT, oM 8.53 I I-II. ,°'0 Password = Dala 

TIME 

AMBIENT TEMPE RATU RE 

MATERIAL TEMPERATU RE 

WATER TEMPERAT URE 

MI X TEMPERATURE 

CU RI NG TEMPERATURE 

CONSISTENCY, QUALITATIVE 

ACTUAL MO ISTl'RE CONTENT 

VOIO CONTE NT 

COMMENTS 

Note: Method developed by Philip Zacarias of Shaw Cor Ltd. 
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Appendix H. Moulding RCC Proctor Specimens 

Scope 

This procedure outlines the method utilized to mould all RCC Proctor specimens for mix 

design qualification. This procedure was used to determine the relative proportions of 

water, fine and coarse aggregate that produced an appropriate consistency, density, 

strength and permeability for the RCC reference mix design. 

Equipment and Materials 

1 20 litre Hobart HL200 paddle type mixer 

1 curing room maintained at 23+/-2°C and a relative humidity of 100% 

8-16 Proctor moulds meeting the requirements of ASTM C558 

1 Proctor hammer (rammer) meeting the requirements of ASTM C558 

2 large (250 - 320 mm long) round nosed aluminum scoops for transferring 

materials to pails during weighing 

2 long (330 mm) handled spoons for filling moulds 

10 20 litre plastic pails with lids 

2 rectangular finishing trowels 

1 finishing roller (25 - 40 mm dia. x 300 mm long steel rods) 

1 finishing flat bar (10 mm x 25 mm x 300 mm) 

1 2.36 mm sieve and pan to receive sieved material 

1 rag(s) 

Procedure 

1) The proctor moulds were placed on a level concrete floor. When compacting each 

layer in the mould according to the procedures described below, the technician sat 

on a low chair and secured the mould to the floor by placing their feet on top of 

the base plate on either side of the mould to prevent movement. 
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2) For casting the test specimens, the moulds were filled in three layers and 

compacted according to ASTM C558. 

3) For the first layer, the mould was filled to 50% of its volume (without the collar 

on) and then compacted. 

4) After compacting, the surface was roughened with a screwdriver to a depth of lO

IS mm and the loose material was left in the mould. 

5) For the second layer, the mould was loosely filled to 95% of its volume (without 

the collar) and compacted and roughened as previously described. 

6) For the final layer, the mould and collar were filled to 90% (with collar on) and 

compacted. c 

7) After the last layer was compacted, the filling collar was removed exposing 

concrete that extended 2 to 10 mm above the top of the mould. 

8) After the filling collar was removed, concrete protruding from the mould was 

trimmed off with a square metal trowel such that the concrete was flush with the 

top surface of the mould without excessively gouging the concrete. 

9) A sample of fresh concrete was sieved through a 2.36 nun sieve and the material 

passing the sieve was used to fill the voids in the top surface of the concrete. 

10) Next, a round steel bar was used to compact and finish the top of the concrete 

Proctor. Care was taken to not over work the surface. 

11) Any residual and adhering concrete on the filled and finished Proctor mould was 

removed and the Proctor was weighed. This weight minus the weight of the 

empty mould was used to calculate the fresh density and void content of the 

specimen. 

Note: Method developed by Philip Zacarias and Richard Sluce of Shaw Cor Ltd. 
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Appendix I. Moulding ofRCC 100 x 200 mm Cylinder Specimens 

Scope 

This method outlines the exact procedure utilized for moulding the 100 x 200 mm RCC 

test specimens. 

Equipment and Materials 

1 mould sleeve meeting the requirements of ASTM C1435 

1 impact hammer meeting the requirements of ASTM C1435 

1 tamping plate meeting the requirements of ASTM C1435 

12 100x200 mm plastic cylinder moulds with lids 

2 long (330 mm) handled spoons forfjJling moulds 

2 rectangular finishing trowels 

1 finishing roller (25 - 40 mm dia. x 300 mm long steel rods) 

1 finishing flat bar (10 mm x 25 mm x 300 mm) 

1 2.36 mm sieve and pan to receive sieved material 

1 rag(s) 

Procedure 

1) 12 plastic cylinder moulds were lined up side by side on a level concrete floor in 

front of the Sicoma mixer. 

2) The first plastic mould was placed inside the steel outer form (mold sleeve). To 

have an orderly filling and compaction process, filling took place from one side 

and compaction from the other. When compacting each layer in the mould 

according to the procedures described below, the operator secured the mould to 

the floor by placing his feet on top of the base plate on either side of the mould 

sleeve to prevent movement. 
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3) The impact rate on the vibrating hammer was adjusted such that the hammer 

maintained an impact rate of 2000+/-200 impacts per min. 

4) The moulds were filled in three layers and compacted according to ASTM C143S 

except that a filling collar was used to overfill the moulds. For the first layer, the 

mould was filled about half way with lose material and compacted until the 

annular space between the mould and the tamper filled up with mortar or the 

tamper stopped moving in the vertical (downward) direction. Total compaction 

time ranged between 10 to 20 seconds. No additional static force was applied to 

the impact hammer, except to prevent the hammer from bouncing. Before lifting 

the hammer out of the mould, it was switched off and tilted slightly back and forth 

to break the bond between the tamping plate and the concrete. 

5) After compaction of the first layer, the surface of the concrete was roughened 

(scarified) with a screwdriver to a depth of 10-15 mm and the loose material was 

left in the mould. 

6) Next, the mould was filled to % full and compacted and roughened as previously 

described. 

7) For the final layer, the mould was overfilled (with filling collar on) and 

compacted. 

8) After compacting the last layer, the concrete was 2 to 10 mm above the top of the 

mould. 

9) The filling collar was removed and the top of the concrete trimmed with a square 

metal trowel such that the concrete was flush with the top surface of the mould 

without excessively gouging the concrete. 

10) Next, excess concrete was sieved through a 2.36 mm sieve and the material 

passing the sieve was used to fill the voids in the top surface of the concrete. 

11) Flat and round steel finishing bars were used to compact and finish the top of the 

concrete cylinder. Care was taken to not over work the surface of the concrete 

12) This procedure was repeated for 12 cylinders per 60 kg RCC batch. 

Note: Method developed by Philip Zacarias and Richard Sluce of Shaw Cor Ltd. 
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Appendix J. Technical Data for Chemical Admixtures 

J.t. Sodium Gluconate 

MATERIAL SAFETY DATA SH~ET 

PRODUCT NAME: ~odium Gluconate F.C C. 

Chemical Name: Sodium 2,3.4,5,6. pentahydroxy-hexanoate 

CAS No.: 527-07-1 Rellision Date October 8, 2007 

DOT Shipping Name: liore DOT: Not Regulated 

HAZARDOUS INGREDIENTS TLV CARCINOGEN 

Nuisance Dust 15 mgfm3 (total) po 

(Particulates not otherwise regulated) 5 mg!m3 (respirable) 

CHEMICAL AND PHYSICAL PROPERTIES 

Appearance: White to vellow powder or gram)es Boiling Point: n/a 
Odor: none Melting Point: nla 
pH: 6.8-7.2 (10% in waler) Vapor Pressure (mm Hg): nfa 
Water Solubility: Soluble Spec. Gravity (HP=1): nJa 

Other: Bulk DenSity: free flow = 56 Ib!ft3; packed = 66 Ibm) 

FIRE AND EXPLOSION HAZARDS 

Flash Po in! (Method): ~ Explosion Umits:Upper: ...o.la.. Lower: nfa 
Extinguishing Media: Water, carbon dioxide, foam. halooen. 
Special FirefJghting Procedures and Hazards: Dust ~n air can be an exolosion hazard. 

Wear eye protection. 

REACTIVITY INFORMATION 

Stable: _X_ Unstable: __ Precautions: ___ _ 
Incompatibil!ty: None 
Hazardous Decomposition Products: ~ 
Hazardous Polymerization Occurs: ___ Does Not Occur: ~ 

REGULATORY INFORMATION 
Reportable for SARA Title III, S.313 (Form R): None 
TSCA Inventory: Yes 
NFPA Ratings: HEALTH 1 FIRE Q REATIVITY Q 
Canadian WHMIS: Not ClassifIed 
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MATERIAL SAFETY DATA SHEET 

Sodium Gluconate F.C.C. 

HEALTH HAZARDS - PROTECTIVE MEASURES - FIRST AID 

Inhalation: Long-term inhalation of excessive dust may cause delayed lung injury. 
May cause respiratory irritation in susceptible individuals. Wear approved 
dust respirator when vis:ble dust is present, and/or If Irritation occurs. 
If adverse effects occur. get medical attention. 

Skin: May cause irritation for susceptible individuals. Wear protective clothing 
as needed. Wash thoroughly with soap and water. 

Eyes: Can cause eye damage. Wear dust proof goggles. Flush immediately 
with water or physiological saline for 15 minutes. Get prompt medical 
attention. 

Ingestion: May cause toxic effects if large amounts are swallowed. No effects known 
for rare accidental swallowing. Avoid swallowir.g. Get medical attention if 
adverse effects occur. 

Most likely routes of entry: Skin, Eyes. 

Other Important Medical or PrecautionarylD19rmation: None. 

PRECAUTIONS FOR SAFE HANDLING AND USE 

Spills and Leaks: Collect as much as possible for use or disposal Flush remainder 
into normal drainage or into ground with copious amounts of water. 

Storace and Handling: Avoid generating dust. 

Waste Disposal: In accordance with applicable regulations. Normally can be flushed 
down sewers. Not a hazardous waste under RCRA criteria. 

Empty Containers: No special precautions. 

Other Precautions: If substantial dust is in air, take measures 10 remove sources of 
ignition to prevent poss,ble dust combustion or explosion. Promptly 
ventilate the area. Adopt procedures to minimize dust generation. 

----------------------------------------
The information herein has been compiled from sources believed to be reliable 

and is accurate to the best of our knowledge. However, PMP Fermentation Products, 
Inc. cannot give any guarantees regarding information from other sources, and 
expressly does not make any warranties, nor assumes any liability, for its use. 
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J.2. Sucrose 

MATERIAL SAFETY OAT A SHEET 

corn ., 
r \' .' 'f' ~ t 1< ".J" i~" l ') !''''' 

IPRODUCT INFORMATION 

Product Idenllty 

Product Use 

Comp.lny Infonnallon 

InvertOS!i® High Fructo54 Corn Syrup. Sucrose Blend 026640 

Food-grade fructose-gluco!>e-sucrose blend 

Com Products US 
5 Westbrook Corporate Cenlef 
Westchester, Il 60154 USA 
Info/Emergency Phone: (700) 551·2600 
(Central Time), Fax (700) 551.2510 
BuslOess Hours: Moo - Fri, 7:30 am - 500 pm 

Prep.lrer I Responsible Pay Z\\1jack 
Party Corn Products US 

Date of revision: MSOS Revision 
Information Supersedes preVlOUS MSDS dated: 

ICOMPOSITIONflNFORMATION ON INGREDIENTS 

Substance %orRange CAS Number 

Corn Syrup I Glucose 5100 8029434 

Sucrose 5-40 57·50-1 

I HAZARDS IDENTIFICATION 

Casro, Inc. 
405 The West MaD, Suite 600 
Etobicoke, Onbrio M9C 1 AO Canada 
InfolEmergency Phone: (415) 620-2300 

Fax: i416)620-4488 

Doug Hobbs 
Casoolnc. 

January 1,2007 
NovemberS. 2006 

EINICS Number 

232436-4 

200-334-9 

ToXltoloqlcal Data 
lNlOSH- T .... A) 

L:)!!I)o No <DtIlNarl.lFt)14!, 

1.eg: No~,n;arl.1lbl.e 

l.D!iD: 2ii700 _"'0 Or;al • .at 
Le. NoQata"'NIIII!aN 

1 (ooaty Eye Curlt.<:! may ca\o..'\e m .. d traflSle!'ll ,rrnat.oo. ~lKJrl 01 QUdrlUU&s s...'iClilfl II) pttl()U()El nea:;:; 
elIects IS no! a pla;sible route of expostlre in ndustnai use. 

Re.1dMty 
Flarrmabikty 
C..orrooilli1y 
S PhIase(S) 
RPhase(s) 

I FIRST AID MEASURES 
Int1dlalJ(1fI 
SIon ContaL1 
Eye C..artlad 
lngesii(lfI 

toon-ReactNe 

See Fire and E.xpIo:;Jon Hazards and Fireflf1Jtmg Measures . 
!\Iof COflO!iNI! 

'-one de"-'9fl3ied 
t.ooe de!ognaled 

Rern.: •• e frOO; ~rte vi e"~e. 

Wasil a1IeCIed are.1 witl1 W31ef. 

FkSl e:;es wrth .:lief for at least 1IIee1 miI'1.lte$, II rri'.a!ioo exIStS. ~ medital attenmn. 

1I1he IlflX1Id IS ~ ingeSted. Sf'eI( medJc3i a«lf.fllKon. 

IFIRE M,D DtPLOSION HAZARDS AND fl,RE.FIGI·mNG MEASURES 
Ha<.VUs f"OOOCl as a l.quid i:lo€S "'JlIX'S'l e.;pl(>;;"1tj naz.1fOS 

Extmguishing media W3ier. carnoo (!mile. or dry cfleI'rtcal. 

Fire and Expkr.,jun Hazards Data H<St4X*lI: 00d313 alIaiiat>Ie 

IFR.EVENlIVE MEASURES 

loMf ~ve limit no data 
a~ioole 

179 

AI.ltoqIIJOO 1I!.n1Jer.1!Urfr: no CId1ta iI\/~ 

~ E~ llmC tel IbI:oI ~1.aOIf! 



MATERIAL SAFETY DATA SHEET 

Control Measures A ¥old dl t1?ct release 10 ef'l\lIronmentll media Contain prOduct for alspasal Se€' Environmental 
Precaullons. 

Pel"SOMl Protection Avoid contact With s~in and e,'es. Protechve 'lqulpmenl for skin IS not reqUired unless proc!uct 
temperature IS SlIIflclent to mQUire precautions. 

Environmental Precautions DISpose 01 residues In con1>lIJnce with apphc.lble n3l1Ol131. statelprovl1cl3l. and lOCal regulations. 

• Handling and Stor:lge 
Handling AVOld contact wrth eyes Use protective equipment appropnate tor the product temper alure. 

Storage Store In a cool, dry pl .... ce ;may from Incon1panl)Ie materi.lls. (seeStabiJl1y Slid RearoVity tor 
Incompaililie malen31s). 

• Exposure Controls :lnel Person:ll Protection 

None req\.l1f!l(j other than prevenllng direct cont3tt W1tI1 prOOUd. 

Not reQ\Jlr!l(j for the foreseeable oonditJons 01 use. 
Engineering Controls 
ResplI-mo!), Protection 
Eye Protectton Wear approprate eye protection such 3S OoggleS or glasses ~ there IS the poten/l3l for !Ite contact Will 

the prOOucl 

Skm Protecllon 

IPHYSICAL AND CHEMICAL PROPERTIES 
Appearance Form: VISCOUS llqUod COiViIt\llOuf. cOlorless· SlIaw llile 

PhYSical Data Water Sol\.bllity: SOIoJl:)k; 

pH Value: 38·5.0 Odorlooour Il1reshold: not data 
available 

V~.I\Iapour Pressure: no tbta available 

BOIling POint: no (lata 3V31lable FreeZ11lil POint no (lata avallat)\e 

ISTABIUTY AND REACTIVITY 
Condi1lons to aVOId TIII$ proruct IS S!aJ.)\e \.lOde!' fIOIlTl.lI OOrloltiOOS ot ten~ature ana pressure. 

Materials to avoid OxiOlZi1g/oxldis!lllJ agentS 

Decomposition produdS Carlloo monoxide; carbon dioJ<ide, initanI gasses, 3I1d smote. 

Dangerous polymerization WtR not OCCUL 

Dangerous readions None are known. 

ITOXI,CCLOGICAL INFORMATION 
Heallh Hazads Routes of Entry: Illiles1loo 

Acute Effects: Eye contact may cause mild 1T3Ilsienl~. 

QIr!IfIic Effects: Ad'JaS4l e1lects from chrone ingeStJOI'I are nc4 knOWrl 

Exposure limits 
Call:in(~rllcity 

Nooe 

IARC: No 

ACGIH: No 

ITRANSPOR.11' INFORMA nON 

IECOLIDGlCAlINFORMA1!10N 
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MA TERIAL SAFETY DATA SHEET 

IREGULATORY INFORMATION 
United States "iSCA Ali CllI1SUtuenLS <Ire 00 EPA s TSCA Hwentory. 

CERCLA: CooIaili$ no report3!>le QlJ3nttty (RQj SUostanCllS per Sectioos 302!304 of EPA 
SARA: Contains no chemIC::lls SUbject to the reporting reQtllrema.tts of SectIOO ::\11, 312 and 313 of EPA 
FDA: ClasSll\ed as Genenill/y Regaroea as Safe (GRAS) 

Canada Ost.: All ConSltuentS are inCluded. 
WHMIS CiasStfiC3bonfs l: M appkcable 
FOOd am! Drug Act: FlUClOse-9lucose IS l1lQVl~ed as a staooarcl IOOdslutf. 

Europe Exempt from OECD (793/9l1EEC) Ust for EY3Iuation Of HIQIl Produc\lon Volume (HPV) Chemicals 
EU EINECS G~ 232-436-4; Sucrose 200-3344l 

Elsewhere Present on Ph'ippines (ACCS) and Australia (AlCS) an<l Cflina's PrOOJct InvenlOrt lJs:s 

IDISCLAIMER OF EXPRESSED OR IMPLIED WARRANTIES I 
The ar.acnoo Gala Ila~ <"'*" 00MpI1e<l "orr, >oo<res whlctl Com P!OOllCl. 1I1ioi'ffi3uonal, Inc. ana Its a!!",,,ieS, ~ve to be oepert(laboe and. tu QUI 

knoWleO\le an<l ~hef is 3CC1Jfa1e. However. COlT PRXlucts and ~s a/!illales canOOl nme any warranty Of representabon respecung the accuracy I 
~~ness of the ca!a. We assume no respo!lSlb~tt'l' for any kabJlrty Of damages relating thereto, or for aOvI5a'Q you leQarolng the protedJOO of 
Y':xJr empKr,.ees, ruslOnlefS. Of OfherS. Yoo should make >'OOf own les:s to Oetermioo the appliCablilly of such infomlation to. or the suitability Of ;r.y 
pnxIUcts for your specAic use, COlT PnxiJ<1s InIematiorlal, Inc. am! rts 3!fui~es e)(pfeSSly diSclalms 311 waIT:lf1bes, expressed or 1I'1p!1ed. inCluding 
bU1 M Iirn~E>\I to. warranlleS at mercl13r1l.1brit,. 3CCUr3ty, fitnesS !Of use or for 3 par1iCul3l' purpose. 300 I100lnfringement The Unked Nations 
Convoobon 00 Contracts lOr tte Intemallooal Sale of Goods SI1aU not apply to sales of products tyy Com ProduclS Irttel1'l31!<lnal, Inc. and rts 
alliliates. 
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J.3. Corn Syrup 

MATERIAL SAFETY DATA SHEET 

IPRODUCT INFORMATION 

Product ldenbty 

Product Use 

Company Information 

Invertose® High Fructose Corn Syrup 026550 

Food-gf3de lructoseijlucose 

Com Products US 
5 Westbrook Corporate Center 
Westchesler,lL 60154 USA 
InfO/Emergeocy Phone: (70s) 551-2600 
(Central Time). Fax: (708) 551-2510 
Business Hours: Mon· Fri, 7:30 am· 5:00 pm 

Casco,lnc, 
405 The West MaD, Suite 600 
Etobicoke. Ontario M9C lAO Canada 
Info/Emergency Phone: (416) 62~2300 

Fax: (416) 62~488 

Preparer I Responsible PalJ Zwij3ck Doug Hobbs 
Casco Inc, Party Com Products US 

MSDS Revision 
Information 

Dale of revision: 
Supersedes preVIous MSDS dated: 

January 1, 2007 
November 6. 2006 

ICOMPosmONIINFORMATION ON INGREDIENTS 

Substance 0/0 or Range CAS Number EINICS Number T oXlCoIoqlCal Data 
(NIQSH- ToNA) 

Com Symp , Glucose 

IHAZARDS IDENTlFICATION 
loxlcity 

ReactiVl1y 
Flammability 
Corrosivi1y 
S Phrase(s) 
R Phase(s) 

I FIRST AID MEASUIRES 
InhalalJ(lI'. 
Skin Cont.l(j 

Eye C..onIa<:t 
1nges1i<lI1 

S100 232436-4 LOs" No dant .avBnH>re 

lCm: . No d.ta .vajt .. ~ 

Eye cootact may cau;,e n~(j lfallSiOOt Irrltaton, ingestion 01 QO;lI1litJes s"I'l1Cillfll to proouce nea,lll 
ellects is noI a plaUSIble roote of e~re in 1'ldI/S1n31 use, 

Noo-ReactJve 
See Fire and Explosion Hazards ~nd Firefi,gnfJllg I..feasvres , 

Nol c';xroslVe 

None designated 

NOlle designated 

Remo\t<:l from SOl.Ifte 01 e>pclSUf e 
Wash affected aroo 1O'iIt1 W3\ef, 

FIusIl eyes WIth w-dtef tor at \eoast fifleEfl mnJtes. If II1itatioo exlStS, S€€t\ medical3\1l!fftioo. 

II the product is aa.idefila11)' ingested, seet. rnediI:;,II ;W:!ffilKn 

I FIRE AND IEXPLOSION HAZARlDS AND FIREfIGHlliNG MIEASURE.S 
Hazards PlOOuct as a liqUid doeS n<l po!oe e.pt(';"~It;; ttazarlls 

Extinguishing media Wa1er, carnon d;o_K1Il. or dry t11emit;. 

Fire and Explooion Hazards Data Flashpont no d3la a\la~ AIltOVlllJOO~: no dab 3'IIatiable 

lower 8plOsMllJrnil: no data l.JpJler EJ<lllosil/e L1mIt ,., d:.lr.:l :walbtlie 
available 

Avood dl~ release 11, efl1litUll_tat mediaCorltm IIItIdUcI Klf d~~ f'oE'e EmrilOI'l!'!1(,'fItiI 
Precautions, 
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MATERIAL SAFETY DATA SHEET 

Personal Protection AVOId coot;)ct With skin and eyes_ Pro!edi.e equipment 1$ not required unll!'$S product tel'lilerotulf.! IS 
SVf!k"fflt to require precavboos_ 

Elwimnmental Precautions OISj)O'Se 01 rp.sidues In e<>mpliance With 3P\ll>eab1e n;)(HN, ~tateIprOVincial_ .mo 1<)e31 ~1;11i<1I1$_ 

• H.lndling and Storage 
Handling AvOId coot;)ct With e%s and Il'lI.ICOUS membranes. Use protectlve e<!~pmenl awropnate lor tile 

product Iefflleratt.re_ 

Storage Store III 3 COO. ary place <NI;ry from in<:ar~tlble materials_ (se&Sla/)illtyand Reactivity fOr 
IIlcornpatJbIe malena1s) 

• Exposure Controls 3nd Personal Protection 

None required other tI'I31 prevenb09 dl!ed coobct With product 

Nat reQIJre<l1or the lOreSeeable coodlli<ll1S or 1J5E!. 

Engineering Controls 
Respiratory Protecbon 
Eye Protectton Wear awropnate ~ protecli<ll1 SIJC!1 as 9C'Jgles Of glas,ses if there is the potential for ~ ronbct wiU 

lheproO.tct 

Skin ProtectIOn Sl<Jn ~ may be require(! dependi1l Q"l product lerr4>eratvre_ 

IPHYSICALAND CHEMICAL PROPERTIES 

Phystcal Data 

pH Value (5<l% w:w SO~.J!lOI1):" OdJlodoor threshold: not data 
42 3¥aii3ble 

Booling POt1t no (lata avallaPie Free::1l19 Point no cIat:l avaliable 

ISTABILITY AND REACTIVITY 
Coodlbons to aVOId This prodoctlS Sla!.,'1€, ufh;\E,f I1{I(maI &onor.Ql:S 01 ;emperature and pr~e 

Matenals to avoid Oxldizi"glo.idisl09 agents. 

Decomposition products C31'bon moooxide; carboo dIo'(ide; irritant gasses. and smoke 

Dangerous poIymerizabon Wifi not occur. 

Dangerous reactions None are kllO'Nll. 

ITOXICOLOGICAL INFORMATION 
Health Hazards ROOIe5 01 Entry: lnge-."1lOO 

Acute Effects: Eye conbct tro'j calM mild 'lr3nsient 1Iltt3Iion. 

Exposure Limits 
Carcinogenicity 

Reproductive Toxicity 

Chlonic Eftec1S: I\dIIe!se effects from moot ingesli<ll1 are rot kf'CWII 

Nme 
IARC: No 

ACGIH: No 
t.'1P (USAf. No 
OSrIA (USA): No 

IECOLOGICALINFORMATION. I 
In Its intended mannet of lI!!e, this pl'odud should not be f~ ora..,. IIl10 efiVlflltmental medl3. 1-kY~1!f , lIS readlly ~adatle 
mh n:~tural enWooment_ 

IREGULATORY IN FOIRMATIiON 
liMed Slates ,seA; AIIC()Ill,'1lUJE!I'lI$:lIrtl 00 i:P .... s TSCA 1IT .. €fIlury_ 

CERaA COOtms no reportahie QlaUy (Ra) ~es J)!!:t'~ 3021304 ct EPA 

IrwMooe High f-ruc1ose \,(I!"II SJmp 0.2b~ 

M.:I:ftj~ a Com PnOJCis 1!1I£m,;1t003l. InC_ 
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MATERIAL SAFETY DATA SHEET 

Canada 

Europe 

Elsewhere 

SARA: Contains no chenllc3lS subject to the r'Ilj)O!t!OQ reQUH1!!1!lents ofSectJOil 311, 312 an<l313 of EPA 
FDA: CIJSSlfie<i as Generd/ly RegarrJOO as Safe (GRAS) 
OSl: Ff\lc!ose-glucose is included. 
'A'HMIS CIaSSlflca~Ofl(S}: not aw~CJtJle 
Food and ()rug Act: Ff\lctose"Jlucose IS regulated as a stal~jard foodstuff. 

Exempt from OECO (793i93lEEC) List !of EValuation of Hl9h ProducllOO Voiun'e (HPV) ChemJcais 
EU EINECS 232-4364 
Present on Phllippit1e$ (PICGS) and A/.;stralla (AleS) and China's Product Inventor; Usts 

IDISCLAIMER OF EXPRESSED OR IMPLIED WARRANTIES 
The alt;lchea a:lIa has t:>een complle,l ((Olll souro;;s whIch Com Prooucts ImemallOOaI, Inc. anu Its al'fh ... :es, believe 10 be oepemlao.e anu. to ovr 
knowledge and belief Is accurate However. Com Products and Its affiitales cannot ffklke allY warraoty or representatiOfl respectJng the accur:lCY I 
completeness of the dab. We assume no responsibility for any kabdlty or damages relatlOQ thereto, 01 101 ac\v,sing you regarding the protectJon of 
your emplOyees, customers. or otherS. You should make your own tests to detemline the applicability of such information to, or the suitab,hty of any 
products for your specific use, Com Protilcts Intematiooai, I~. and Its affiliates expressly olscl:llms aD warrantIeS, expressed or Illpl.ed, inclvdll'lg 
but not limited 10, warrantIeS of m&fcnanbbliltf. accuracy, fitness !of use or for a particular purpose, and I10nlntmQement The United Nations 
COflveotioo on ConlralClS !of the IntematJOOal Saie of Goods shaD not apply to sale$ of products by COm Products Intemattonal, In<:. and its 
affiliates, 
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