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EXECUTIVE SUMMARY 

This Phase II project contained two parts. Part A focused on the investigation of the 
characteristics and thermal properties of commonly used slags in Iowa cementitious materials 
and their effects on adiabatic temperature rise (ATR) in Iowa mass concrete structures. In this 
part, a new hydration model for slag-containing cementitious materials and a three-parameter 
(3P) ATR prediction model were developed and validated. These models were incorporated into 
the ConcreteWorks software, significantly improving its thermal predictions for mass concrete 
with slag. Part B focused on the development of a new seal slab component in the 
ConcreteWorks software. This new component is simple, user friendly, and well-integrated with 
the existing software and enables the prediction of the temperature profile of a bridge footing 
placed on a seal slab.  

The sections below summarize the tasks, activities, and major findings of each part of the 
project.  

Part A: Improving Thermal Prediction for Mass Concrete Containing Slags 

Task A-1: Characterization of slags and other concrete materials used  

The characterization included analyzing the fineness, chemical composition, and crystalline/glass 
phases of the slags commonly used in Iowa, and the characteristics of the slags were analyzed 
through Blaine’s method, X-ray fluorescence (XRF), and X-ray diffraction (XRD), respectively.  

Task A-2: Study of the effect of the slags on cement hydration using isothermal calorimetry 
measurements  

In this task, binary mixes made with portland cement and different slags (Grade 100 or 120) with 
various slag replacement levels (0%, 20%, 50%, and 75% by weight of binder) were 
investigated. For each paste mix, isothermal calorimetry tests were performed at four different 
temperatures (10°C, 20°C, 30°C, and 40°C). Based on the measurements, the apparent activation 
energy (Ea) of the mix was determined, and the results were also used for the development of the 
slag hydration model.  

Task A-3: Evaluation of the effect of slag types and replacement dosages on the temperature rise 
in mass concrete using semi-adiabatic calorimetry tests  

In this task, mass concrete mixes, made with Iowa Department of Transportation (DOT) C4 mix 
proportion and binary cementitious materials, containing 0%, 25%, 50%, and 75% of slag 
replacements for cement, were evaluated. The fresh properties of these concrete mixes were 
tested for slump, unit weight, air content, and initial temperature measurement. Their thermal 
and hardened properties were tested for semi-adiabatic calorimetry, compressive strength, and 
maturity. The temperature development of each concrete mix was monitored using the semi-
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adiabatic calorimeter drum built in the previous phase of this research. The measured data were 
then converted to true adiabatic temperature.  

Task A-4: Temperature monitoring from large concrete blocks containing various slag 
replacements  

Four large concrete block specimens, with dimensions of 3 ft × 3 ft × 4 ft, were built to obtain 
the ATR of concrete containing various levels of slag replacements for cement (0, 25, 50, and 75 
wt.%). Six temperature sensors were installed in different locations of each specimen. The 
sensors recorded the concrete temperature data for a period of 28 days. The recorded temperature 
profile data were used in Task A-6 for validation of the newly developed ATR model.  

Task A-5: Establishment of a new slag hydration model  

In this task, a thorough literature search was conducted to collect the temperature data of 
concrete mixes containing slag-cement binary binder for the development of a slag hydration 
model. The collected data include the dimensions of the mass concrete structures, slag and 
cement chemical and physical properties, concrete mix design, thermal properties (such as ATR 
profiles and activation energy), and fresh and hardened concrete properties. These data were 
processed, filtered, and refined. Statistical regression analysis was performed to generate 
prediction equations for the heat parameters in the slag hydration model. These models/equations 
were further validated in Task A-6.  

Task A-6: Development and validation of ATR prediction model for concrete containing slag 

In this task, 4C Stress&Temp software (4C) was used to convert the measured concrete block 
temperature data (with limited heat loss) into true adiabatic temperatures (with zero heat loss).  
To convert the measured temperature data from the concrete blocks, made with 0%, 25%, 50%, 
and 75% slag replacement for cement as described in Chapter 4 into true adiabatic temperature, 
the team’s approach was to change the heat parameters (Q∞, τe, α) in 4C so that the concrete 
block temperature profile simulated using 4C matched the temperature rise and the maximum 
temperature profile measured from the large concrete block tests. Using the obtained heat 
parameters, 4C simulated the true adiabatic temperatures of these large concrete blocks, and the 
results were compared with the true adiabatic temperatures of these blocks predicted using the 
ATR model in ConcreteWorks modified with the new slag hydration model developed in Task 
A-5. 

Six concrete mixes, three of which were the large concrete block mixes containing 25%, 50%, 
and 75% slag and three of which were from the literature, were used for the model validation. 
Refinements were made on the heat parameters so that the adiabatic temperature profiles of the 
six mixes predicted using the refined heat parameter equations were comparable to their 
measured temperature profiles that were obtained from the above-mentioned 4C analyses. The 
model refinement was completed when the absolute error of the prediction from the newly 
modified ConcreteWorks software decreased to about 15%. 
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Task A-7: Incorporation of the new models in ConcreteWorks  

In this task, the refined and validated hydration and ATR models for slag-containing concrete 
were summarized and then incorporated into the ConcreteWorks software. Using the updated 
version of the ConcreteWorks software, some trial analyses were performed, and the temperature 
profiles of the trial mixes predicted by the new and older version of the ConcreteWorks software 
were compared. Finally, a sensitivity study was conducted, and some limitations of the new 
models in the updated (new) ConcreteWorks software were identified. 

The updated ConcreteWorks software now features enhanced input parameters and equations for 
better heat prediction, confirmed through thermal and sensitivity analyses. The improved slag 
hydration model, which accurately incorporates slag’s chemical properties, enhances temperature 
prediction accuracy for concrete containing slag. 

The following observations were made during the present study:  

• Based on the isothermal calorimetry measurements, it was observed that slag replacement 
does not necessarily decrease the total heat of hydration. When the slag replacement 
increases from 25% to 75%, the initial rate of heat generation (about 7 to 20 hours after 
testing) decreases. However, at a later age (40 to 80 hours), depending on the temperature 
and percent replacement), the rate of heat generation and the accumulated heat of slag mixes 
surpassed that of the control mix (0% slag replacement for cement), indicating the late-age 
reactivity of slag is high. The surpassing effect occurred earlier as the testing temperature 
increased, indicating higher reactivity and sensitivity of slag at high temperatures.  

• In this study, the major difference between the slag with two different grades, Grade 100 (S1) 
and Grade 120 (S2) is their fineness. The finer slag (Grade 120) had a significantly higher 
rate of heat and total heat of hydration compared to Grade 100 slag mixes. This effect was 
increased at higher temperatures, suggesting that the mass concrete slag physical properties 
(such as fineness) can be a key factor that influences the maximum temperature rise. 

• Literature data were collected to get the ATR, slag and cement compositions, and mix 
designs of mass concrete structures. These data were used in the 3P and six-parameter (6P) 
models to get the best-fit hydration parameters. Based on the fit (R2 value), the 3P model was 
chosen for further advancement.  

• The previous ConcreteWorks model was modified using regression analysis to include slag 
replacement dosages as well as slag chemical properties. Slag fineness was excluded due to 
the lack of availability in the literature data. A second-order polynomial regression was fitted 
to get the best R2 fit, and cases of over-fitting (on higher order polynomial) were avoided.  

• The model was verified using 4C analysis and large concrete block measurements. The true 
adiabatic temperature was obtained using the 4C software, and then it was plotted in the 3P 
model. The new model was also used to model the temperature rise. Both results were 
compared, and the newly developed model showed a 20% reduction (from 35% to 15.6%) in 
absolute error.  

• Overall, the new ConcreteWorks model predicts the early-age temperature profile with 
higher accuracy and predicts the maturity and strength of Iowa mass concrete quite well.  
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The features in the updated (new) ConcreteWorks software include the following:  

• The default input values in the ConcreteWorks software have been updated to contain slag 
chemical compositions based on the results obtained from this research project (both 
laboratory and modeling). They are available for use when analyzing Iowa mass concrete and 
can also be changed when measured data are available.  

• The new slag hydration model includes the chemical properties of the slag, which makes the 
predictions of the new version of ConcreteWorks more accurate.  

• The temperature prediction of the concrete has improved in the newly modified 
ConcreteWorks software, when compared with the previous version of ConcreteWorks. The 
absolute error of the prediction from the newly modified ConcreteWorks software decreased 
from 35% (resulting from the previous ConcreteWorks software) to 15.6%.  

• The newly developed model includes the hydration parameter equations for both the Bogue 
and Rietveld methods, and these equations are easy to implement. 

The following are recommendations for effective use of the new ConcreteWorks software and 
for further research: 

• This study shows that slag replacement dosage significantly influences maximum and 28-day 
concrete temperatures. Adiabatic temperature sensitivity is highest for slag replacement 
dosage, followed by slag aluminum and calcium contents. These factors are crucial for future 
mass concrete material selection, mix design, and thermal control. 

• When extreme inputs, such as 80% slag replacement dosage, were used, the adiabatic 
temperature profile predicted by the new ConcreteWorks software shows a sudden 
temperature drop. This occurs due to limitations in the software models, which were 
developed with a relatively small amount of data. As a result, the prediction may perform 
poorly when applied to unseen data.  

• The modified ConcreteWorks software has a newly developed hydration model, which 
includes slag chemical properties, but it still does not include slag physical properties 
(fineness). In the future, this model can be modified by considering fineness as an input 
parameter (when enough literature data are available to conduct the analysis).  

• The modified version of ConcreteWorks does not take the chemical properties of any other 
supplementary cementitious materials, such as fly ash and silica fume, into account. In the 
future, based on literature and available data, the model can be further improved, and a new 
model can be developed for tertiary cementitious systems. 

• In this study, only binary slag cement with slag was studied. Low-carbon cement, such as 
limestone cement, which has been increasingly used in Iowa, calcined clay—containing 
cement and ternary cement, which are increasingly used in Iowa, were not included in the 
present study. Investigation into the thermal behavior of mass concrete containing low-
carbon cement, especially limestone cement, may be necessary in the very near future.  

• The modified version of ConcreteWorks can be used to generate a temperature development 
profile at any point and the temperature differential between any two points in the mass 
concrete member. In the future, the generated results can be compared with the Iowa DOT 
temperature differential limits, and the information on the comparison can be incorporated 
into the software.  
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Part B: Developing a New Component in ConcreteWorks for Seal Slab–Footing Thermal 
Analysis 

As explained in Chapter 8, the team originally proposed to perform this part of the project 
through a field investigation. However, a suitable bridge construction site was not available 
during the project timeframe. Therefore, without the use of field data, the team simply developed 
a new component capable of modeling concrete seal slabs placed underneath rectangular 
footings. This new component has been incorporated into the existing ConcreteWorks software.  

Task B-1: Developing a new seal slab component in ConcreteWorks  

In this task, seal slabs were simply modeled in two-dimensional analysis cases for rectangular 
footings. Before the footing is virtually placed on the seal slab, the seal slab is modeled the same 
as a rectangular footing without a seal slab placed underneath. After a user-defined seal slab 
curing period, the curing material on top of the seal slab is removed, and the footing is virtually 
placed on top of the seal slab. The input parameters of the seal slab component include seal slab 
and footing dimensions, mix design, time of footing placement, environmental conditions, and so 
on. The output parameters are the same as those for a footing with no seal slab. In the software, 
the user can select a footing with or without a seal slab for temperature analysis. By comparing 
the temperature profiles of the footing with and without a seal slab, the user can understand the 
effects of the seal slab on the temperature profile of the footing above. 

Task B-2: Conducting trial analyses using the new seal slab component in ConcreteWorks  

Using the updated ConcreteWorks software from Task B-1, a series of trial analyses were 
conducted. These trial analyses investigated the effects of (1) the time of footing placement, (2) 
the sizes of the seal slab and footing, and (3) the construction season or environmental 
temperature on the temperature profile of a footing with a seal slab. 

The following observations were made from the Part B study: 

• The new component is simple, user friendly, and well integrated with the existing 
ConcreteWorks software. 

• The maximum core temperature of a footing placed on a seal slab is generally higher than 
that of a footing with no seal slab (by approximately 3°C). 

• The maximum core temperature of a footing placed on a seal slab drops much more slowly 
than that of a footing without seal slab. That is, a seal slab enhances the capacity for heat 
retention in the footing, keeping the core temperature of the footing high for a longer period.  

• The temperature profile of a footing placed on a seal slab can be affected by factors like seal 
slab and footing dimensions, time of footing placement, environmental temperature, the mix 
design of the seal slab and footing, and so on. Additional sensitivity studies can be conducted 
to investigate the effects of various seal slab mix designs on the temperature profile of the 
footings placed above.  
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1. INTRODUCTION 

This Phase II project contained two parts.  

Part A focused on the investigation of the characteristics and thermal properties of commonly 
used slags in Iowa cementitious materials and their effects on adiabatic temperature rise (ATR) 
in Iowa mass concrete structures. A new hydration model for slag-containing cementitious 
materials and a three-parameter ATR prediction model were developed and validated. These 
models were incorporated into the ConcreteWorks software, significantly improving its thermal 
predictions for mass concrete with slag.  

Part B focused on the development of a new seal slab component in the ConcreteWorks 
software. This new component is simple, user friendly, and well integrated into the existing 
ConcreteWorks software and enables the prediction of the temperature profile of a bridge footing 
placed on a seal slab. 

1.1. Background 

1.1.1. Part A – Background 

In Phase I of Iowa Highway Research Board (IHRB) Project TR-712 (Wang et al. 2020), the 
researchers found that concrete mixes containing slag, especially at a high replacement level 
(≥50%), might undergo a higher ATR than concrete with the same amount of fly ash (Figure 1-
1a) or even concrete with pure portland cement (Moon et al. 2018). According to the literature, a 
key reason for this is that the pretreatments used for modern slags alter their fineness, particle 
size distribution, and calcium sulfate content, and such slags affect the hydration of cement 
differently from those used in previous years (Barnett et al. 2005, Chini and Parham 2005, 
Gruyaert et al. 2010). These changes in slag characteristics have not been addressed in the 
current ConcreteWorks software. In addition, two adjacent peaks are commonly seen in the heat 
generation curve of cement containing slag, but only a single peak is seen in the heat generation 
curve of ordinary portland cement (OPC) and OPC-fly ash cement (Figure 1-1b) (Barnett et al. 
2005). Prior to the present study, the prediction models in ConcreteWorks did not consider the 
occurrence of the two hydration peaks, thus leading to an inaccurate estimation of the 
temperature of concrete containing slag. 
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(a) Adiabatic temperature (b) Semi-isothermal calorimetry curve 

Wang et al. 2020 

Figure 1-1. Temperature rise and heat generation of concrete containing different 
cementitious materials 

Later, the research team used ConcreteWorks to conduct a preliminary thermal analysis for a 
mass concrete project on I-74 in Iowa, where slag was used in the concrete mix. The results 
showed that all of the maximum and differential temperatures predicted using ConcreteWorks 
were more than 10°F higher than those measured during the project. Because slag is commonly 
used in Iowa mass concrete mixes, additional study is necessary to modify ConcreteWorks to 
further improve the thermal predictions for Iowa mass concrete containing slag. 

1.1.2. Part B – Background 

Mass concrete is often associated with large structures like bridge foundations. During the 
construction of bridge foundations, cofferdams are built to form watertight enclosures 
surrounding excavations. These enclosures typically consist of sheet piling driven around the 
perimeter of the excavation. A concrete seal coat is placed within the sheet piling, and the bridge 
footing is then built on the seal coat slab. Usually, a lean concrete mix is used for the seal coat 
slab, and thermal cracking due to the heat of cement hydration is not much of a concern in this 
concrete component. Therefore, the concrete mixes used for the seal coat slabs are usually not 
considered mass concrete, and no temperature control of the seal coat slab concrete is believed as 
necessary. However, a major concern is that the heat development in an underwater seal coat 
slab can consequently affect the early-age temperature development in the footing placed above 
it, and the current ConcreteWorks software does not have a component for predicting the 
concrete temperature of the seal coat slabs.   

1.2. Goals and Objectives 

1.2.1. Part A – Objectives 

The present research project (TR-712, Phase IIA) aimed to provide a better understanding of the 
hydration of slag and its effects on temperature development in the mass concrete used in Iowa. 
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The goal of the study was to improve the thermal predictions made by ConcreteWorks for Iowa 
mass concrete containing slag.  

The specific objectives of the Part A study were as follows:  

• Investigate the characteristics of the slags commonly used in Iowa and their effects on the 
ATR in Iowa mass concrete structures 

• Establish hydration model of binary and ternary cementitious materials containing slag 
• Develop an appropriate ATR prediction model that will be incorporated into ConcreteWorks 
• Validate the ATR prediction model and improve the thermal prediction of ConcreteWorks 

for Iowa mass concrete containing slag 

1.2.2. Part B – Objectives 

The objective of the Part B study was to develop a new component in the ConcreteWorks 
software that enables the following:  

• Prediction of the temperature profile of seal coat concrete slabs in bridge foundations 
• Analysis of the effect of the temperature of seal coat concrete slabs on the temperature 

behavior of bridge footings placed above them  

1.3. Project Tasks  

1.3.1. Part A – Tasks 

The following tasks were conducted for the Part A study of this research project:  

Task A-1: Characterization of slags and other concrete materials used  

Two nationally available slags (Grades 100 and 120, Lafarge Holcim) and one locally available 
slag (Grade 100, Manatt’s, Inc.) were collected with the help of the project’s technical advisory 
committee (TAC) members. The fineness, chemical composition, and crystalline/glass phases of 
the slags were analyzed through Blaine’s method, X-ray fluorescence (XRF), and X-ray 
diffraction (XRD), respectively. The XRF testing was performed at the Iowa Department of 
Transportation (DOT) facilities in Ames, Iowa, and the fineness of the slag was provided by the 
manufacturer.  

Task A-2: Study of the effect of the slags on cement hydration using isothermal calorimetry 
measurements  

To obtain the parameters needed for the development of the heat of cement hydration model, 
isothermal calorimetry measurements for the corresponding cement pastes are necessary. In this 
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task, isothermal calorimetry measurements were conducted for eight paste mixes prepared using 
the materials collected in Task A-1. Selected binary mixes made with portland cement and 
different slags (Grade 100 or 120) with various slag replacement levels (0%, 20%, 50%, and 
75% by weight of binder) were investigated. For each paste mix, isothermal calorimetry tests 
were performed at four different temperatures (10°C, 20°C, 30°C, and 40°C). Thus, over 40 tests 
were run, and each test was run for 7 to 10 days, depending upon the thermal behavior of the 
pastes. Based on the measurements, the apparent activation energy (Ea) of the mix, indicating the 
sensitivity of the hydration reaction to temperature, was determined, and the results were used to 
understand how slag replacement alters cement hydration and to provide a necessary component 
for the development of the slag hydration model.  

Task A-3: Evaluation of the effect of slag types and replacement dosages on the temperature rise 
in mass concrete using semi-adiabatic calorimetry tests  

To develop the model for the prediction of the true ATR, eight mass concrete mixes were 
evaluated using the semi-adiabatic calorimetry device that was built in TR-712 Phase I. These 
concrete mixes had the same mix proportions as those used in TR-712 Phase I (Iowa DOT C4 
mix) but with the same paste compositions as those used in Task A-2. The fresh properties of the 
laboratory-prepared/ready mix plant-delivered mixes were tested for slump, unit weight, air 
content, and placement temperature. Hardened and thermal properties were tested using semi-
adiabatic calorimetry, compressive strength, and maturity. Compressive strength and maturity 
tests were performed at the concrete age of 3, 7, 28, and 56 days. The temperature development 
of each concrete mix was monitored using the semi-adiabatic calorimeter drum built in the 
previous phase of this research. The measured data were then converted to true adiabatic 
temperature.  

Task A-4: Temperature monitoring from large concrete blocks containing various slag 
replacements 

Four large concrete block specimens, with dimensions of 3 ft × 3 ft × 4 ft, were built to obtain 
the ATR of concrete containing various levels of slag replacements for cement (0, 25, 50, and 75 
wt.%). Six temperature sensors were installed in different locations of each specimen. The 
sensors recorded the concrete temperature data for a period of 28 days. The recorded temperature 
profile data were used in Task A-6 for validation of the newly developed ATR model.  

Task A-5: Establishment of a new ATR prediction model for concrete mixes containing slag  

In the previous ConcreteWorks hydration model, the heat generation of cement and that of slag 
are simply superimposed under an assumption that there is no interaction between these 
materials. This task examined this assumption using two steps as follows:  

1. To develop a model that simulates the two peaks as observed in the rate of the heat 
generation curve of slag-containing mixes, as shown in Figure 1-1b, which is referred to as 
the slag hydration model 



5 

2. To develop a model that predicts the true ATR of concrete containing slag based on the 
parameters obtained from the slag hydration model and semi-adiabatic calorimetry 
measurements (Task A-3) 

Because true ATR (with zero heat loss) is almost impossible to measure in laboratory testing, 
semi-adiabatic calorimetry tests (allowing a small amount of heat loss), which provide an 
estimate of the heat generation characteristics of a concrete mixture, are often performed in 
practice because of their relative simplicity. During the semi-adiabatic calorimetry tests, the 
small amount of heat loss was measured. By adding the measured heat loss back to the heat 
generated during the test, the measured temperature values of the tested concrete were then 
corrected. Finally, the concrete temperature rise that would occur under fully adiabatic 
conditions, i.e., ATR, was backcalculated based on the hydration model parameters.  

To develop the slag hydration and true adiabatic temperature prediction models, data for slag-
containing mixes were collected from the literature. The collected data include the dimensions of 
the mass concrete structures, slag and cement chemical and physical properties, concrete mix 
design, thermal properties (such as ATR profiles and activation energy), and fresh and hardened 
concrete properties. These data were processed, filtered, and refined to develop the model. 
Statistical regression analysis was performed to generate prediction equations for the model 
parameters in terms of the physical and chemical properties of cement and slag. These 
models/equations were further validated in Task A-6.  

Tasks A-6: Development and validation of the developed prediction model using large concrete 
block specimens 

In this task, 4C Stress&Temp software (4C) was used to convert the measured concrete block 
temperature data (with limited heat loss) into true adiabatic temperatures (with zero heat loss). 
To convert the measured temperature data from the concrete blocks, made with 0%, 25%, 50%, 
and 75% slag replacement for cement as described in Chapter 4 into true adiabatic temperature, 
the team’s approach was to change the heat parameters (Q∞, τe, α) in 4C so that the concrete 
block temperature profile simulated using 4C matched the temperature rise and the maximum 
temperature profile measured from the large concrete block tests. Using the obtained heat 
parameters, 4C simulated the true adiabatic temperatures of these large concrete blocks, and the 
results were compared with the true adiabatic temperatures of these blocks predicted using the 
ATR model in ConcreteWorks modified with the new slag hydration model developed in Task 
A-5. 

Six concrete mixes, three of which were the large concrete block mixes containing 25%, 50%, 
and 75% slag and three of which were from the literature, were used for the model validation. 
Refinements were made on the heat parameters so that the adiabatic temperature profiles of the 
six mixes predicted using the refined heat parameter equations developed in Task A-5 were 
comparable to their measured temperature profiles that were obtained from the above-mentioned 
4C analyses. The model refinement was completed when the absolute error of the prediction 
from the newly modified ConcreteWorks software decreased to about 15%. 
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Task A-7: Incorporation of the new models in ConcreteWorks  

In this task, the refined and validated hydration and ATR models for slag-containing concrete 
were summarized and then incorporated into the ConcreteWorks software. Using the updated 
version of the ConcreteWorks software, some trial analyses were performed, and the temperature 
profiles of the trial mixes predicted by the new and older version of the ConcreteWorks software 
were compared. Finally, a sensitivity study was conducted, and some limitations of the new 
models in the updated (new) ConcreteWorks software were identified. 

1.3.2. Part B – Tasks 

The following tasks were conducted for the Part B study of this research project:  

Task B-1: Developing a new seal slab component in the ConcreteWorks software 

Task B-2: Conducting trial analyses 

Using the updated ConcreteWorks software with the new seal slab component developed in Task 
B-1, this task investigated the effects of the time of footing placement, the sizes of the footing 
and seal slab, and environmental conditions on the temperature profile of a bridge footing placed 
on a seal slab. 

1.4. Report Outline 

In this report, Chapter 1 is the Introduction, Chapters 2 through 7 describe the research activities 
and present the results for Tasks A-1 to A-7, Chapter 8 covers Tasks B-1 and B-2, and Chapter 9 
provides conclusions and recommendations from both Part A and Part B.  



7 

2. MATERIAL CHARACTERIZATION (TASK A-1) 

2.1. Concrete Materials Used 

Three different ground granulated blast furnace slags (GGBFS) were collected. Two of them, 
Grade 100 and Grade 120, were from the LafargeHolcim (LH) plant in the South Chicago 
neighborhood of Chicago, Illinois, and were named S1 (LH Grade 100) and S2 (LH Grade 120), 
respectively. The third was collected from the Manatt’s (M) ready mixed concrete plant in Ames, 
Iowa, and was named S3 (M Grade 100). Type I/II portland cement was collected from 
Continental Cement Co. of Ames, Iowa. Photos of these cementitious materials are shown in 
Figure 2-1. In addition, river sand from Hallett Materials in Ankeny, Iowa, was used as fine 
aggregate, and crushed limestone from Martin Marietta in Ames, Iowa, was used as coarse 
aggregate. 

 
(a) Type I/II (b) S1 (c) S2 (d) S3 

Figure 2-1. Cementitious materials collected  

2.2. Material Characterization Methods and Results 

2.2.1. Cementitious Materials 

X-ray diffractometer Siemens D500 XRD, with a copper X-ray tube at 40 kV and 35 mA, was 
used to identify the crystalline phases of the cementitious materials. The XRD data were 
collected over the range of 0º to 70º with scanning rate of 2º per minute and step size of 0.02º. 

The fineness of the materials was measured using a Blaine apparatus in compliance with ASTM 
C204. (The test results were provided by the Iowa DOT in Ames, Iowa.) In the present study, 
XRF analysis was conducted to determine the chemical composition of the cementitious 
materials used. 

Table 2-1 shows the chemical and physical properties of the slags, along with those of Type I/II 
cement, obtained using XRF analysis. Figure 2-2 shows the XRD pattern of S1. The results 
indicate that the chemical properties of all three slags received are similar, but the fineness of S2 
(LH Grade 120) is higher than that of S1 or S3 (Grade 100). This suggests that S3 (M Grade 100) 
was possibly from the same source as S1, because the Manatt’s ready mixed concrete plant 
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primarily sources its slag from LafargeHolcim. Therefore, S3 (M Grade 100) was not studied 
further. 

Table 2-1. Chemical and physical properties of the cementitious materials 
Oxide (%) OPC Type I/II S1 (LH Grade100) S2 (LH Grade120) S3 (M Grade100) 

SiO2 22.802 35.635 35.860 33.104 
Al2O3 5.355 10.052 10.109 9.402 
Fe2O3 3.512 0.894 0.889 1.719 
CaO 64.186 38.907 38.881 42.803 
MgO 2.704 10.004 10.713 8.611 
SO3 1.641 0.965 1.015 1.220 

Na2O 0.154 0.254 0.245 0.358 
K2O 0.624 0.428 0.416 0.384 
TiO2 0.257 0.415 0.388 0.473 
P2O5 0.048 0.015 0.014 0.074 

Mn2O3 0.082 0.293 0.259 0.230 
SrO 0.099 0.038 0.044 0.162 
ZnO 0.018 0.009 0.009 0.012 
BaO 0.092 0.103 0.107 0.150 

Specific Gravity 3.150 2.930 2.950 2.930 
Blaine Fineness 

(m2/kg) 300 443 552 443 

 

 
Figure 2-2. XRD pattern of S1 (LH Grade 100) and S2 (LH Grade 120) 
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As shown in Figure 2-2, S1 and S2 display a major amorphous hump in the range of 18º to 38º, 
indicating the presence of a significant amount of amorphous or glassy material in the slag.  

2.2.2. Concrete Aggregates 

For all concrete mixes studied, 1 in. nominal maximum size aggregate (NMSA) limestone 
sourced from Martin Marietta in Ames, Iowa, was used as coarse aggregate, and river sand from 
Hallett Materials in Ankeny, Iowa, was used as the fine aggregate. The properties of the 
aggregates, such as gradation, specific gravity, absorption, dry rodded unit weight (DRUW), 
fineness modulus, etc., were measured in the Phase I project (Wang et al. 2020), and the results 
are shown in Table 2-2. 

Table 2-2. Properties of aggregate materials 

 
Specific 
Gravity 

Absorption, 
% 

Moisture 
Content, % 

DRUW, 
lb/ft3 

Fineness 
Modulus 

Limestone CA 2.7 0.71 0.13 98.2 - 
River Sand 2.68 1.1 1.15 - 2.92 

 

2.2.3. Chemical Admixtures 

A low-range water reducer (LRWR), Euclid WR 91, and an air entraining agent (AEA), Euclid 
AEA-92, which are commonly used in Iowa pavement concrete, were used as admixtures for 
concrete slump and freeze-thaw durability control, both of which were provided by Manatt’s 
ready mixed concrete plant.  
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3. ISOTHERMAL CALORIMETRIC STUDY OF SLAG CEMENT HYDRATION (TASK 
A-2) 

To understand the effects of the different slags on cement hydration, and the hydration of pure 
slag, various paste mixes were prepared to conduct the isothermal calorimetry measurements.  

3.1. Materials and Proportions 

The pastes were prepared using 0, 20, 50, 75, and 100 wt.% of S1 (LH Grade 100) and S2 (LH 
Grade 120) to replace Type I/II cement and at a water-to-binder (w/b) ratio of 0.43. The LRWR 
admixture Euclid WR 91 was used at the recommended dosage of 5 fl oz per 100 kg of 
cementitious material.  

3.2. Test Methods 

An eight-channel semi-isothermal calorimeter (shown in Figure 3-1) was used (Ge et al. 2009, 
Ge and Wang 2009). As illustrated in Figure 3-1, each unit has an aluminum sample holder, 
which rests on a heat flow sensor (Peltier) that is placed on a common heat sink of a large block 
of aluminum. On the other side of the heat sink is another heat flow sensor and a 129 g 
aluminum block. The aluminum block is used as a reference to reduce the noise signal in this 
conduction calorimeter. When a sample is placed in the unit, the heat produced by hydration 
flows rapidly to its surroundings. The main route for heat exchange between the sample and its 
surroundings is through the heat flow detector. The heat flow, caused by the temperature 
difference across the sensor, creates a voltage signal proportional to the amount of heat flow. 
This voltage signal is then converted to the rate of heat evolution by applying a calibration factor 
based on the reference material (aluminum). 

  
Figure 3-1. Isothermal calorimetry (left) and channels for holding samples (right) 

Before performing the calorimetry tests, the calorimeter was calibrated. The calibration 
procedure aimed to obtain the baseline of the calorimeter and the calibration factors for each of 
the eight cells at each of four temperatures 10°C, 20°C, 30°C, and 40°C. The steps for the 
calibration procedure followed the process described in Wang et al. (2020), Poole (2007), and 
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Riding et al. (2011). After the calibration factors were determined, calorimetry tests were 
conducted following the procedure previously discussed. The data were recorded in millivolts 
(mV) at every 1-minute interval for approximately 100 hours. Then, equation 3-1 was used to 
determine the rate of heat generation in megawatts per gram (mW/g) of cement.  

P =  (R−B)∗CFWs
(1+sc+wc)

 (3-1) 

Where P is the rate of heat generation (mW/g), R is the data reading (mV), B is the calibrated 
baseline (mV), CF is the calibration factor (mW/mV), Ws is the weight of the sample (g), s is the 
weight of sand (g), c is the weight of cement (g), and w is the weight of water (g). The rate of 
heat generation (mW/g) at every 15-minute interval was converted to the total heat generated in 
joules per hour (J/h), and the cumulative heat is then calculated by adding the heat generated in 
each interval. 

The calorimetry tests were performed at testing temperatures of 10°C, 20°C, 30°C, and 40°C. To 
bring the temperature of the constituent materials to the designed testing temperature, all the 
materials (cement, GGBFS, water, and water-reducing admixture) were first kept in separate 
containers in the calorimeter for approximately 24 to 48 hours (depending on the time needed to 
achieve a constant temperature reading). When the temperature of the materials had reached the 
designed testing temperature, they were taken out for mixing. 

During the paste mixing, the water-reducing admixture was first added into water and stirred 
well for 15 seconds. Then, the binder (slag and cement) was added in the water and mixed with a 
plastic non-stick spoon for 2 minutes. The homogenous mixed paste was then divided equally 
into two cups, and the respective weight was recorded. The paste specimens, weighing nearly 50 
g each, were then placed into eight different channels in the aluminum chamber of the isothermal 
calorimeter. After the samples were placed, the preprogrammed calorimeter started taking 
readings at an interval of 15 minutes until the heat generation became stable. For 20°C, 30°C, 
and 40°C, the samples were tested for 7 days, and for 10°C, the samples were measured for 10 
days. A total of 40 mixtures (including the different temperature combinations) were tested in the 
isothermal calorimeter.  

All the tests were done by the same person, and the cups were placed in the chamber at the same 
time to maintain consistency and to improve the accuracy of the results. The number of tests 
done for the given mixtures at the selected temperature are shown in Table 3-1. 
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Table 3-1. Mixes used for isothermal calorimetry tests  

Testing Temperature (°C) Slag Replacement (%) Mix ID (S1 series) Mix ID (S2 series) 

10°C 

0 S1-10C-0% S2-10C-0% 
25 S1-10C-25% S2-10C-25% 
50 S1-10C-50% S2-10C-50% 
75 S1-10C-75% S2-10C-75% 

100 S1-10C-100% S2-10C-100% 

20°C 

0 S1-20C-0% S2-20C-0% 
25 S1-20C-25% S2-20C-25% 
50 S1-20C-50% S2-20C-50% 
75 S1-20C-75% S2-20C-75% 

100 S1-20C-100% S2-20C-100% 

30°C 

0 S1-30C-0% S2-30C-0% 
25 S1-30C-25% S2-30C-25% 
50 S1-30C-50% S2-30C-50% 
75 S1-30C-75% S2-30C-75% 

100 S1-30C-100% S2-30C-100% 

40°C 

0 S1-40C-0% S2-40C-0% 
25 S1-40C-25% S2-40C-25% 
50 S1-40C-50% S2-40C-50% 
75 S1-40C-75% S2-40C-75% 

100 S1-40C-100% S2-40C-100% 
 

3.3. Test Results 

The paste mixes (with varying amounts of slag replacement) were tested at different 
temperatures (10°C, 20°C, 30°C, and 40°C) using isothermal calorimetry. The heat of hydration 
and total heat were measured using isothermal calorimetry for 7 days (168 hours) at intervals of 
15 minutes. This section discusses the results obtained from isothermal calorimetry.  

Figure 3-2 presents the rate of heat generated from a typical cement paste, showing several peaks 
associated with hydration of various cement components (Ballard et al. 2011). For example, the 
second peak, or the main peak, is associated with C3S hydration, which can be seen in almost all 
cement hydration heat flow curves, while the third peak is associated with the secondary C3A 
reaction, which is commonly seen in Type I/II cement and cement with supplementary 
cementitious materials (SCMs), like slag and fly ash.  
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Figure 3-2. Rate of heat generation of a typical cement paste 

3.3.1. Mixes Containing Grade 100 Slag (S1) 

Figure 3-3 and Figure 3-4 illustrate the heat of hydration and total accumulated heat released 
during the hydration of different paste mixes studied at various temperatures. The heat of 
hydration is calculated based on the weight of the total binder content (cement + slag weight). 
Observations are made from the obtained heat flow curve to identify the effect of slag 
replacement on the hydration from the peak type, height, and occurring time as well as the total 
heat generated. 

2nd Peak
(C3S reaction)

3rd Peak 
(Secondary 
C3A reaction)

1st Peak
(C3A-gypsum 
reaction)

4th Peak (AFm
phase formation)
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(a) Rate of heat of hydration for mix S1–10°C (b) Total heat accumulated for mix S1–10°C 

  
(c) Rate of heat of hydration for mix S1–20°C (d) Total heat accumulated for mix S1–20°C 

  
(e) Rate of heat of hydration for mix S1–30°C (f) Total heat accumulated for mix S1–30°C 

  
(g) Rate of heat of hydration for mix S1–40°C (h) Total heat accumulated for mix S1–40°C 

Figure 3-3. Rate of heat of hydration and total heat for S1 at different temperatures 

Figures 3-3a and 3-3b show the results of the calorimetry tests conducted at the testing 
temperature of 10°C. It can be seen from Figure 3-3a that as the slag replacement increases, all 
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peaks of the rate of heat generation decrease. When compared with the second peak resulting 
from the C3S reaction, the third peak resulting from the secondary C3A reaction was relatively 
enhanced with slag content in the binder system. This is mainly because the slag replacement for 
cement reduces calcium silicate content and increases calcium aluminate content in the binder 
system. As a result, the initiation of the second peak is also delayed, suggesting a delayed binder 
set time. Thus, it can be inferred that as the slag replacement increases, the rate of heat of 
hydration decreases and the hydration slows (Poole et al. 2007, Woo et al. 2018). Similar trends 
are observed in Figures 3-3c, 3-3e, and 3-3g, where the calorimetry testing temperature is 20°C, 
30°C, and 40°C, respectively. However, as the testing temperature increases, the peak of heat 
generation rate occurs earlier. This signifies that the slag-cement hydration is accelerated by the 
environmental (testing) temperature, and subsequently, the set time of the binder is reduced. 
Also, at nearly 60 hours for the testing temperature of 20°C, 30 hours for the testing temperature 
of 30°C, and 15 hours for the testing temperature of 40°C, the rate of heat generation of the slag 
mixes (25%, 50%, and 75% slag replacement) was higher than that of the Type I/II portland 
cement paste mix. This trend reveals an accelerated slag hydration after the C3S hydration peak 
occurs, especially under a high testing temperature.  

Figure 3-3b shows that the total accumulated heat of hydration decreases as the slag replacement 
increases. For 0% slag, the total heat of hydration is around 165 J/g; for 25% slag, it is 125 J/g; 
for 50% slag, it is 118 J/g; and for 75% slag, it is 98 J/g at the testing temperature of 10°C, which 
again is evidence of the reduced heat generation and decelerated binder hydration with 
increasing slag content of the pastes tested at 10°C. However, different trends are seen in Figures 
3-3d, 3-3f, and 3-3h, where the calorimetry testing temperature is 20°C, 30°C, and 40°C, 
respectively. Figure 3-3d shows that under the testing temperature of 20°C, the total heat 
generation values of pastes with 25% and 50% slag get much closer to that of control paste (0% 
slag) at the end of the tests (168 hours). Figure 3-3f shows that under the testing temperature of 
30°C, the total heat generation value of the paste with 25% slag exceeds that of control paste 
after 70 hours of testing. Figure 3-3h shows that under the testing temperature of 40°C, the total 
heat generation values of pastes with both 25% and 50% slag exceeds that of control paste after 
about 50 hours of testing. This trend is contradictory to the widely held conception that concrete 
temperature resulting from the heat of cement hydration can be reduced by use of slag 
replacement for cement. This trend occurs because increasing temperature can significantly 
accelerate not only cement hydration but also, more significantly, the pozzolanic reaction 
provided by the slag.  

As mentioned in Section 1.1, the excess heat contributed by slag replacement for cement has not 
been considered in concrete temperature prediction models, computer programs, and field 
concrete temperature control measures. The present study is to bridge this research gap.  

3.3.2. Mixes Containing Grade 120 Slag (S2) 

Isothermal calorimetry measurements of the S2 mixes (Lafarge Grade 120) are presented in 
Figure 3-4.  
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(a) Rate of heat of hydration for mix S2–10°C  (b) Total heat accumulated for mix S2–10°C 

  
(c) Rate of heat of hydration for mix S2–20°C  (d) Total heat accumulated for mix S2–20°C 

  
(e) Rate of heat of hydration for mix S2–30°C  (f) Total heat accumulated for mix S2–30°C 

  
(g) Rate of heat of hydration for mix S2–40°C (h) Total heat accumulated for mix S2–40°C 

Figure 3-4. Rate of heat of hydration and total heat for S2 at different temperatures 

The overall trends of the rate of heat generation and the total accumulated heat of the mixes 
made with Grade 120 slag (in Figure 3-4) are similar to those of the mixes made with Grade 100 
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slag (in Figure 3-3). However, Grade 120 slag shows a higher reactivity than Grade 100 slag, 
evidenced by the following observations:  

• The corresponding values of the rate of heat generation and accumulated heat of mixes made 
with Grade 120 slag are higher than those of the corresponding mixes made with Grade 100 
slag. 

• At the testing temperature of 10°C, the rate of heat generation of all mixes containing Grade 
120 slag starts to exceed that of the control mix (0% slag) at about 100 hours of testing, 
although the total accumulated heat of the mixes containing slag was still lower than that of 
control mix (no slag) during the testing time. 

• At the testing temperature of 20°C, the rate of heat generation of all mixes containing Grade 
120 slag starts to exceed that of the control mix at about 50 hours of testing. After about 95 
hours, the total accumulated heat of the mix with 25% Grade 120 slag exceeds that of the 
control mix. 

• At the testing temperature of 30°C, the rate of heat generation of all mixes containing Grade 
120 slag starts to exceed that of the control mix at about 25 hours of testing. After about 75 
hours, the accumulated heat of the mixes with both 25% and 50% Grade 120 slag exceeds 
that of the control mix. 

• At the testing temperature of 40°C, the rate of heat generation of all mixes containing Grade 
120 slag starts to exceed that of the control mix (0% slag) at about 10 hours of testing. After 
about 35 hours, the accumulated heat of the mixes with both 25% and 50% Grade 120 slag 
exceeds that of the control mix. After 80 hours, the total accumulated heat of the mix with 
50% Grade 120 slag exceeds that of the mix with 25% Grade 120 slag. 

• Although the rate of heat generation and accumulated heat of the mix containing 75% slag do 
not exceed those of control mix, they get closer to the values of the control mix as the testing 
temperature increases, suggesting an accelerated slag hydration.  

These results further suggest the importance of considering slag type, content, and reactivity in 
the prediction of the heat generation of concrete containing slags. 

3.3.3. Mixes Containing 100% Slags 

To further understand the reactivity of the slags used, a few paste mixes made of 100% slag were 
tested at different temperatures using isothermal calorimetry. Figure 3-5 shows the rate of heat 
generation and accumulated heat for S1 (Grade 100) and S2 (Grade 120) mixes at different 
temperatures (10°C, 20°C, 30°C, and 40°C). 
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(a) Rate of heat of hydration for S1 mix (b) Total heat of hydration for S1 mix 

  
(c) Rate of heat of hydration for S2 mix (d) Total heat of hydration for S2 mix 

Figure 3-5. Rate of heat and total heat of hydration for 100% S1 and S2 mixes at different 
temperatures 

Figure 3-5 shows that at the testing temperature of 10°C, little/no hydration reactivity is seen for 
both S1 and S2. At the testing temperature of 20°C, a rate of heat generation is seen for both S1 
and S2, but their total heat generation is still very limited. At the testing temperatures of 30°C 
and 40°C, S1 and S2 hydration can be clearly seen from both their rate of heat generation and 
total heat generation curves, and S2 generated about twice the amount of heat as S1 at the end of 
the test, approximately 50 J/g at 160 hours, which is about 20% of the total heat generated by 
100% portland cement paste. This implies that if simply superimposed, the total heat of 
hydration of pastes containing slag would not exceed the control paste were it not for the 
addition of slag. In Figures 3.3 and 3.4, the total heat generated by some pastes containing slag 
was higher than the control paste, implying the synergetic effect existed in the pastes due to the 
cement-slag reaction, such as accelerated cement hydration and pozzolanic reaction. It is noted 
that most heat generation of the 100% S2 paste occurred between 20 and 75 hours at the testing 
temperature of 30°C, while it was during the first 30 hours at the testing temperature of 40°C. 
This confirms the significant temperature effect on pure slag hydration.  
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Table 3-2 shows the hydration peak for the 100% S2 paste mix at different testing temperatures 
and the corresponding time to obtain these hydration peaks. 

Table 3-2. Calorimetry parameters of pastes made with 100% S2 slag  
Slag 120 

Temp. 
Slag Replacement 

(%) 
H1 (1st peak 

height) 
T1 (time to 
reach H1) 

H2 (2nd peak 
height) 

T2 (time to 
reach H2) 

10ºC 

0 1.89 7.80 1.94 16.00 
25 1.60 11.80 1.70 17.60 
50 1.20 16.00 NA NA 
75 0.60 12.00 NA NA 

20ºC 

0 3.24 12.25 3.29 15.25 
25 2.83 12.33 3.14 15.50 
50 1.85 11.33 2.61 16.41 
75 1.86 14.08 1.07 18.91 

30ºC 

0 5.65 7.41 6.02 8.75 
25 4.64 7.08 5.57 9.33 
50 3.18 6.00 5.17 8.75 
75 3.32 7.16 2.14 9.91 

40ºC 

0 8.60 4.08 10.71 5.41 
25 10.32 5.33 NA NA 
50 9.17 4.75 NA NA 
75 4.90 3.58 3.82 5.58 

 

3.3.4. Summary of Calorimetry Test Results  

3.3.4.1. Effect of Slag Content on Heat Generation 

Based on Figures 3-3 and 3-4, it was evident that as the slag replacement increases from 25% to 
75%, the initial rate of heat generation (about 7 to 20 hours of testing) decreases for both S1 and 
S2 mixes. The difference in the rate of heat generation was not exactly proportional; the 
difference between 25% slag and 0% slag replacement was higher than the difference between 
50% slag and 25% slag replacement. However, at a later age (40 to 80 hours, depending on the 
temperature and percent replacement), the rate of heat generation and the accumulated heat of 
slag mixes surpassed that of the control mix (0% slag replacement for cement), indicating the 
late-age reactivity of slag was high (Gajda et al. 2014). The surpassing effect occurred earlier as 
the testing temperature increased.  

3.3.4.2. Effect of Testing Temperature 

As the testing temperature increased, the rate of heat generation increased. The time to achieve 
the hydration peak decreased with increasing temperature, indicating higher reactivity of slag at 
higher temperatures. The acceleration period lasted longer at a lower temperature than at a higher 
temperature. The differences in peaks across the samples are more prevalent at higher 
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temperatures than at lower temperatures. The rate and degree of hydration increase with an 
increase in the testing temperature (Gajda and Vangeem 2002). 

3.3.4.3. Effect of Slag Type/Fineness 

In this study, slag with two different grades, Grade 100 (S1) and Grade 120 (S2), was used. The 
XRF and XRD analyses indicate little difference in chemical compositions of these slags. 
However, S2 had a Blaine fineness of 552 m2/kg, while S1 had a Blaine fineness of 443 m2/kg. 
Mixes containing S2 showed a slightly higher rate of heat generation and a significantly higher 
total heat of hydration at a later age than the mixes containing S1, indicating that S2 had higher 
reactivity than S1. The difference between these two corresponding slag mixes became more 
obvious with increasing the testing temperature. 

Therefore, in addition to slag content, slag reactivity, affected by chemical and physical 
characteristics of the slag, should also be considered in the prediction models for the heat 
generation or the temperate rise of concrete containing slags. 
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4. EVALUTION OF EFFECT OF SLAG ON ATR FROM LARGE CONCRETE BLOCK 
TESTING (TASKS A-3 AND A-4) 

4.1. Configuration of Large Concrete Block Specimens and Sensor Locations 

Large concrete block specimens were built at the Structural Engineering Research Laboratory, 
Iowa State University (ISU), to obtain the ATR of concrete with various levels of slag 
replacement for cement in a typical Iowa mass concrete mix. As indicated in Figure 4-1, the 
large concrete block specimens had dimensions of 3 ft × 3 ft × 4 ft, or 1 yd3 in volume, and they 
were insulated with 6 in. of Styrofoam and plywood around all surfaces. Six temperature sensors 
were installed to monitor the concrete temperature rise at critical locations. Three sensors were 
installed at the top, bottom, and side centers, 3 in. from the surfaces, respectively. One sensor 
was placed at the core, one at the corner, and one on the outside of the specimens. 

  

 

 
Figure 4-1. Large block measurement setup 

Sensor (S) location
S1 – top center; 3” from the top surface
S2 – middle center (core)
S3 – bottom center; 3” from the bottom surface
S4 – middle left side; 3” from the side surface
S5 – middle front side; 3” from the side surface
S6 – bottom corner; 3” from the both surfaces
S7 – outside of the sample; ” from the surface

S5
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Due to the limited space in the laboratory, the large samples were cast and tested one by one in 
the laboratory. This test setup was used to obtain the concrete adiabatic temperature rise. The 
large blocks had a high thermal mass and high amounts of insulation that could be simulated to 
fit the concrete adiabatic temperature rise. The temperature data were recorded for a period of 30 
days. The measured data were compared with those obtained from ConcreteWorks analyses 
(Task A-4), thus validating and refining the new ATR model. 

4.2. Materials and Mix Proportions Used 

The ready mixed concrete mixtures were prepared by Manatt’s, Inc. of Ames, Iowa, and 
delivered to the ISU structures laboratory. Table 4-1 presents the mix proportions of the mixes 
studied, where the binder content and water-to-binder ratio (w/b) were constant for all four 
mixtures. The AEA content of concrete containing slag was 2.0 fl oz/yd3 for blocks 2 and 4 and 
2.5 fl oz/yd3 for block 3, lower than that of control concrete, block 1 (4.0 fl oz/yd3). The water 
reducer (WR) content of concrete containing slag was 3.0 fl oz/yd3 for blocks 2 through 4, lower 
than that of control concrete, block 1 (5.0 fl oz/yd3). The different WR and AEA contents were 
used to keep the concrete slump around 2 in. and air content around 6%.  

Table 4-1. Concrete mix proportion for adiabatic (large block) and semi-adiabatic testing 

Material 

Mix Proportion 
0% Slag 
(Block 1) 

25% Slag 
(Block 2) 

50% Slag 
(Block 3) 

75% Slag 
(Block 4) 

Cement (lb/yd3) 593 445 296 148 
Slag (lb/yd3) 0 148 297 445 
Water (lb/yd3) 255 255 255 255 
Fine agg. (lb/yd3) 1509 1505 1523 1496 
Coarse agg. (lb/yd3) 1531 1526 1540 1517 
w/b ratio ̴0.43 ̴0.43 ̴0.43 ̴0.43 
Euclid AEA-92 (fl oz/yd) 4.0 2.0 2.5 2.0 
Euclid WR 91 (fl oz/cwt) 5.0 3.0 3.0 3.0 
Note: The ready mix concrete manufacturer adjusted the mixing water based on the approximate moisture content of 
field aggregates; thus, the estimated w/b ratios of these mixes were near 0.43.  

Immediately following the delivery, the concrete was sampled following ASTM C172/C172M-
10 and then tested for its fresh properties. The fresh properties tested were slump, air content, 
and unit weight, measured in accordance with ASTM C143/C143M-15, ASTM C231/231M-10, 
and ASTM C138/C138M-13, respectively. Table 4-2 shows the fresh concrete properties of all 
four concrete mixes studied. 



23 

Table 4-2. Fresh properties of concrete mixtures 

Fresh Properties 
0% Slag Mix 

(Block 1) 
25% Slag Mix 

(Block 2) 
50% Slag Mix 

(Block 3) 
75% Slag Mix 

(Block 4) 
Casting Date 09/24/2020 03/29/2021 02/18/2021 01/08/2021 
Ambient Temperature (°F) 73.10 48.20 30.10 17.60 
Slump (in.) 2.50 2.75 2.00 3.75 
Air content (%) 6.50 6.20 5.90 2.30 
Unit weight (lb/ft3) 142.80 143.50 144.20 150.70 
Concrete Placement Temperature (°F) 70.20 68.30 61.30 50.90 
 

It can be seen from Table 4-2 that the ambient and concrete placement temperatures were 
different as the blocks were cast on different dates. Although the same AEA content was used for 
slag concrete, the air content of block 4 (75% slag) was only 2.3%, much lower than designed 
6%, which was probably associated with mixing under cold weather conditions. Additionally, 
block 4 had the highest slump among all the mixtures. As a result, the unit weight of the block 4 
mixture was a little higher.  

4.3. Strength and Maturity  

In accordance with ASTM C192-16, 4 in. × 8 in. cylindrical specimens were made from fresh 
concrete. After approximately 24 hours, the specimens were demolded and then moist cured in a 
standard curing room (73.5 ±3.5°F and ≥95R.H.) until testing. The compressive strengths of the 
specimens prepared from the four concrete mixes were tested at 1, 3, 7, 28, 56, and 90 days 
according to ASTM C39. Maturity of the concrete mixes were also measured according to 
ASTM C1074 - Standard Practice for Estimating Concrete Strength by the Maturity Method. For 
the test, a temperature sensor was inserted into a 6 in. × 12 in. specimen, and the temperature of 
the concrete under a standard moisture curing was monitored for a total of 28 days. The concrete 
maturity, M(t), was then computed according to the following equation: 

𝑀𝑀(𝑡𝑡) = Ʃ (𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇) ∗ ∆𝑇𝑇 (4-1) 

where M(t) is the temperature-time factor (°C-days); Ta is the average temperature (°C) 
measured during ∆T, T0 is the datum temperature (-10°C), and ∆T is the time interval (days). 

Figure 4-2 shows the strength and maturity-strength relationships of the concrete mixes studied. 
These results were used later as inputs of the ConcreteWorks program for the concrete thermal 
analysis. From Figure 4-2, it can be seen that the slope of the strength-maturity curve of the 
mixes containing 50% and 75% slag is much higher than that of mixes containing 0% and 25% 
slag, illustrating that the mixes containing 50% and 75% slag would gain strength more rapidly 
than the mixes with 0% and 25% slag after the concrete matures, having strength higher than 
4,000 psi. For example, the mixes with 0% and 25% slag would gain the strength of 5,000 psi 
earlier than the mixes with 50% and 75% slag. 
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(a) Compressive strength (psi) (b) Maturity (°C-days) 

Figure 4-2. Hardened properties of concrete mixtures 

4.4. Semi-Adiabatic Calorimetry and Large Block Testing 

Accurate characterization of the temperature rise in a concrete element requires an estimate of 
the ATR of the concrete mixture. Adiabatic calorimetry requires an adiabatic process in which 
no heat is gained or lost to the system’s surroundings. Because of the difficulty and the 
expensive equipment needed to eliminate heat gain or loss in an adiabatic calorimetry test, semi-
adiabatic calorimetry is commonly used. From the semi-adiabatic calorimetry test results, the 
ATR can be calculated. Even though the semi-adiabatic calorimetry test is a common test, there 
is no standard test method for it.  

This study followed the guidelines outlined in Poole (2007). Based on these guidelines, a semi-
adiabatic calorimeter was developed in the Portland Cement Concrete (PCC) Research 
Laboratory at ISU. Figures 4-3a and 4-3b show a diagram with the details of the calorimeter and 
the finished apparatus, respectively. The semi-adiabatic calorimeter was built using a 24 in. × 34 
in. cylindrical drum that was insulated with insulation foam (crack-insulating foam placed by big 
gaps and cracks). The top insulation lid was also prepared using the same insulation foam. In the 
middle of the drum, there was a 7 in. (diameter) × 14 in. (height) chamber, made with galvanized 
steel sheeting, for holding the tested concrete cylinder sample (6 in. in diameter and 12 in. in 
height). 
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(a) Illustration of semi-adiabatic setup (b) Actual semi-adiabatic setup 

Figure 4-3. Semi-adiabatic calorimetry setup 

Fresh concrete was poured into the 6 × 12 in. cylinder placed inside this chamber. The 
temperature was measured using Type T thermocouples at three locations: one at the center of 
the concrete specimen (MID), one at the surface of the steel chamber (EXT1), and one at 1 in. 
away from the chamber surface in the insulation (EXT2). The MID thermocouple was placed 6 
in. into the center of the fresh concrete specimen. A plug-in for the thermocouple was installed at 
the edge of the steel chamber opening. For connecting thermocouple wires to the data logger, a 
hole was drilled in the middle of the drum surface through which the wires were extracted.  

To calibrate the semi-adiabatic chamber, water was boiled and placed in the chamber, and the 
temperature of the water was recorded for 160 hours at intervals of 15 minutes using Type T 
sensors installed in the semi-adiabatic chamber (shown in Figure 4-3a as MID, EXT1, and 
EXT2). The measured data were plotted in an Excel spreadsheet, and a regression analysis using 
the R2 method with the Solver function in Excel was performed to match the modeled change in 
water temperature to the measured change in water temperature. The Solver function generated 
the best-fit calibration factors (Cf1 and Cf2) that were used to model the change in water 
temperature. These calibration factors (Cf1 and Cf2) were later used to convert the semi-adiabatic 
temperature to true adiabatic temperature. The detailed process of the calibration and semi-
adiabatic to true adiabatic conversion was described by Zhu et al. (2022). Using the calibration 
factors (Cf1 and Cf2), the true ATR of the concrete tested with semi-calorimetry can then be 
calculated (Appendix A). 

For the large block testing, an experimental setup was prepared to mimic the mass concrete 
behavior. A concrete block of 3 ft × 3 ft × 4 ft was constructed, and sensors were installed. 
Figure 4-4 shows the steps followed in the experimental setup to measure the temperature profile 
at different locations. To measure the temperature of the block at various locations, Type T 
sensors with high accuracy (0.01°C) were used. These sensors were installed using 
reinforcement, and a cage/framework was built to keep the sensors in place. At each location of 
interest, a minimum of two sensors were installed. These sensors were isolated to prevent direct 
contact with the rebar to avoid any discrepancy with data.  
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(a) Rebar and sensor ties (b) Sensor and insulation setup 

  
(c) Actual experimental setup in process (d) Sensor locations 

  
(e) Large block experimental setup (f) Final large block after casting 

Figure 4-4. Large block test setup and casting procedures 

Figure 4-4a shows the reinforcement bars (No. 4, 9/16 in. diameter rebar) and sensor ties. The 
rebars were tied using Type 2 stirrups. Figure 4-4b shows the insulation used to prevent the 
sensor from interacting with the rebar. Figure 4-4c shows the rebar frame built to keep the sensor 
in place. Figure 4-4d shows the locations of the various sensors. After the sensors were placed, 
the rebar frame was ready to be placed in the steel formwork containing insulation Styrofoam. 
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The insulation Styrofoam (Foamular 250, R-10) was installed to prevent or minimize heat 
dissipation during testing. The Styrofoam was triple-layered in a staggered form as shown in 
Figure 4-4e. The thickness of each Styrofoam layer is 2 in., and the total thickness of the 
Styrofoam insulation was 6 in. on each side. To prevent heat loss at the joints, aluminum foil, 
with a high-reflective index, was used to seal the joints.  

Once the steel formwork with the Styrofoam was ready, the rebar frame with the sensors was 
placed inside, on small plastic chairs to keep the rebar frame in the center of the formwork. After 
all the sensors were checked using a data logger (Pico Tech), the designed concrete was poured 
in a continuous manner to make a large concrete block specimen. An electrical internal vibrator 
was used for concrete consolidation. Right after casting, the top surface of the concrete block 
was covered with three layers of Styrofoam. Spray foam insulation (Great Stuff Gaps & Cracks, 
1 in. sealing) was used to fill the gaps, and extra weights were added on the top to keep the 
Styrofoam sheet in place, as shown in Figure 4-4f. Then, the entire concrete block was covered 
with an insulation blanket. The temperatures at different locations recorded by the Type T 
sensors were monitored using a data logger for 30 days. 

4.5. Temperature Profiles Measured from Large Concrete Blocks 

A total of four large concrete blocks were cast with different slag replacement levels (0%, 25%, 
50%, and 75%). The obtained temperature at each location was the average of the readings from 
two sensors (as noted previously); the measured temperature data are presented in Figure 4-5. As 
shown in Figure 4-5, S1, S2, and S3 were located at the top, middle (core), and bottom of the 
block, respectively; S4 and S5 were located at the middle side of the block, and S6 was located at 
the bottom corner of the block. It was noted that the core temperature (measured by S2) and the 
temperature at the bottom corner (measured by S6), which presents the largest difference from 
the core temperature, were the two points of interest. 
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(a) Large block tests: 0% slag (b) Semi-adiabatic tests: 0% slag 

  
(c) Large block tests: 25% slag (d) Semi-adiabatic tests: 25% slag 

  
(e) Large block tests: 50% slag (f) Semi-adiabatic tests: 50% slag 

  
(g) Large block tests: 75% slag (h) Semi-adiabatic tests: 75% slag 

Figure 4-5. Temperature profile measured by sensors at different locations from large 
block tests (3 × 3 × 4 ft samples) and from semi-adiabatic tests (6 × 12 in. samples) of 

concrete mixes 
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Figures 4-5a, 4-5c, 4-5e, and 4-5g show the temperature profile measured from the large 
concrete blocks at selected locations, top (S1), center (S2), bottom (S3), side (S5) and bottom 
corner (S6). Parallelly, Figures 4-5b, 4-5d, 4-5f, and 4-5h show the temperature profile of the 
corresponding concrete measured by the semi-adiabatic calorimeter.  

It is found from the large block tests that: (1) the data measured by two sensors at the same 
location are very consistent (the difference is <5°C), indicating a good reliability of the data, (2) 
the difference between the core temperature (measured by S2) and the bottom corner temperature 
(measured by S6) is also very limited (<7°C), indicating a quality insulation of the large concrete 
blocks, and (3) all temperature profiles have a similar trend, increasing and reaching the peak at 
an early stage (0 to 72 hours, depending on the slag percentage replacement) and then slow 
decreasing over time until the samples reached the environmental temperature.  

It is observed from the semi-adiabatic calorimetry tests that the trend of the temperature profiles 
of concrete containing different levels of slag replacement for cement is also similar. However, 
due to significant heat loss, the maximum temperatures measured from the semi-adiabatic 
calorimetry tests are much lower than those measured from the large block concrete tests, and the 
temperature drop is much more rapid and occurs at a much earlier time, especially for the mixes 
containing low slag content.  

The temperature profiles obtained from both the large block and semi-adiabatic calorimetry tests, 
as shown in Figure 4-5, provide evidence that as slag replacement increases, the maximum 
temperature peak reduces, and the peak shifts toward the right, which indicates a reduced rate of 
heat of hydration due to delayed slag hydration. In addition, as the slag replacement increases, 
the curvature of the temperature rises, and loss decreases. For 0% slag replacement, the 
temperature rise curve was much steeper compared to the 75% slag replacement. Similar 
behavior was observed at a later age (as the temperature decreased) as well. This indicated that 
the rate of heat loss is proportional to the rate of heat gain. For the standard mix (0% slag 
replacement), the heat gain and heat loss were faster compared to other mixes.  

To have a better understanding of the observed data, the observed temperature and temperature 
rise at the core and the bottom corner sensors of the large concrete block and semi-adiabatic 
chamber are presented in Figure 4-6 and Figure 4-7. 
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(a) Temperature profile measured by the center sensor 

(S2) 
(b) Temperature rise for the center sensor (S2) 

  
(c) Temperature profile measured by the bottom corner 

(S3) 
(d) Temperature rise for the bottom corner (S3) 

Figure 4-6. Temperature profile and temperature rise measured by sensors at different 
locations of large concrete block samples (3 × 3 × 4 ft) with different slag replacement levels 
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(a) Temperature profile measured at center (b) Temperature rise profile for the center 

Figure 4-7. Semi-adiabatic temperature profiles for the slag mixes 

Figure 4-6a clearly shows a linear trend that as the slag replacement increases, the maximum 
temperature decreases, and the time to achieve the maximum temperature increases. Although 
the temperature profile in Figure 4-6a shows a clear pattern, the temperature rise (calculated by 
subtracting the temperature in the profile from the initial temperature) as presented in Figure 4-
6b does not show a clear trend. Figure 4-6b shows the temperature rise for the standard mix (0% 
slag replacement) and the mix with 75% slag replacement were nearly the same. In addition to 
the increase in the time to achieve the maximum temperature, the temperature rise at later ages 
increased as the slag replacement increases because slag hydration has contributed significantly 
to heat generation. Similar behavior was observed in the bottom corner sensor as well (Figure 4-
6c and 4-6d).  

However, temperature profiles (Figure 4-7a) obtained from the semi-adiabatic tests show 
different trends from those of the large block tests (Figure 4-6a). The effects of the ambient 
temperature and initial concrete temperature are more evidenced by the semi-adiabatic test 
results (Figure 4-7). The broader temperature peaks and higher temperature rises in the concrete 
with higher levels of slag replacement for cement at the later ages again demonstrate the 
increasing slag hydration at later ages. 

Using the data presented in Figure 4-6 and Figure 4-7, the true ATR of the concrete mixes can be 
calculated, which is then used to validate the slag hydration model as explained in Chapter 6.   
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5. DEVELOPMENT OF NEW SLAG HYDRATION PREDICTION MODEL (TASK A-5) 

5.1. Basic Concept and Methodology 

A wide range of study has been conducted on prediction of ATR in mass concrete (Zhu et al. 
2022, Bas 2020, Dabarera et al. 2017, Riding et al. 2012, Riding et al. 2007, Riding et al. 2006, 
Schindler and Folliard 2005, Tam et al. 1994). Based on the published knowledge, degree of 
hydration (α(t)) can be considered as a ratio of the heat evolving at time (t) to the ultimate total 
amount of heat available from cement hydration (Hu), and this concept has been used in this 
project. The equations used for estimation of α(t) are shown in equations 5-1 to 5-3 (Zhu et al. 
2022, Poole et al. 2007), where the degree of hydration α(t) varies from 0 to 1, with a value of 1 
indicating complete hydration. 

𝑇𝑇(𝑡𝑡) =  𝐻𝐻(𝑡𝑡)
𝐻𝐻𝑢𝑢

 (5-1) 

𝐻𝐻𝑢𝑢 =  𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐 ∗  𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 + 461 ∗ 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 1800 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹−𝐶𝐶𝑠𝑠𝐶𝐶 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹 (5-2) 

𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐 = 500 ∗ 𝑝𝑝𝐶𝐶3𝑆𝑆 + 260 ∗ 𝑝𝑝𝐶𝐶2𝑆𝑆 + 866 ∗ 𝑝𝑝𝐶𝐶3𝐹𝐹 + 420 ∗ 𝑝𝑝𝐶𝐶4𝐹𝐹𝐹𝐹 + 624 ∗ 𝑝𝑝𝑆𝑆𝐶𝐶3 + 1186 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹𝑐𝑐𝑐𝑐𝐶𝐶𝑠𝑠 +
850 ∗ 𝑝𝑝𝑀𝑀𝑠𝑠𝐶𝐶  (5-3) 

where H(t) is the heat evolved from time 0 to time t (J/g); Hu is the ultimate total heat available 
from cement hydration (J/g); Hcem is the total heat of cement hydration at α = 1.0 (J/g), which 
can be calculated using Bogue equations as shown in equation 5-3; and pcem, pslag, and pFA is the 
mass percentage of portland cement, slag, and fly ash in the total cementitious materials, 
respectively. pFA-CaO is the percentage of fly ash CaO mass in the total fly ash content. pC3S, pC2S, 

pC3A, pC3S, pC4AF, pSO3, pFree-Ca, and pMgO, is the percentage of C3S, C2S, C3A, C3S, C4AF, SO3, Free-
CaO, and MgO in the cement. 

To simplify the comparison of different cementitious systems or conditions, the degree of 
hydration at an equivalent time (α(te)) is commonly used under the assumption that the cement 
systems will reach the same degree of hydration at time te. The degree of hydration at an 
equivalent time (α(te)) can be calculated using the following equation 5-4: 

𝑇𝑇(𝑡𝑡𝑐𝑐) =  𝑇𝑇𝑢𝑢 ∗ 𝑒𝑒
−[ 𝜏𝜏𝑡𝑡𝑒𝑒

]𝛽𝛽 (5-4) 

where te is equivalent age at which the degree of cement hydration is calculated; 𝑇𝑇𝑢𝑢 is ultimate 
degree of hydration; τ is the time to reach the hydration peak; and β is a parameter that reflects 
the shape or curvature of the function (α(te)).  

Equivalent age (te) of concrete can be assessed using equation 5-5. 
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𝑡𝑡𝑐𝑐(𝑇𝑇𝐹𝐹) =  𝑒𝑒
𝐸𝐸𝑎𝑎
𝑅𝑅 ∗�

1
𝑇𝑇𝑟𝑟
− 1
𝑇𝑇𝑐𝑐
� (5-5) 

where te(Tr) is the equivalent age at the reference temperature, in hours; Tr is the reference 
temperature (23°C); and Tc is the concrete temperature at the time interval Δt, in °C. 

Thus, the temperature development of a concrete element under adiabatic conditions can be 
computed from equation 5-6. 

Q(𝑡𝑡) = ∫ q̇(t)𝑑𝑑t𝑡𝑡
0  or 𝑄𝑄(𝑡𝑡) = � 𝑄𝑄ℎ(𝑡𝑡)⋅∆𝑡𝑡

ρ 𝐶𝐶𝐶𝐶

𝑡𝑡

0

  (5-6) 

where q̇ (t) is the heat release rate at time t, and it can be calculated from the following equation 
5-7: 

q̇ (t) = Qh (t)/(ρCp)  (5-7) 

where ρ is the concrete density, in kg/m3; Cp is the concrete specific heat capacity, in (J/kg)/°C; 
and Qh(t) is the heat generation in concrete at time 𝑡𝑡, in W/m, which can be calculated using the 
following equation 5-8: 

𝑄𝑄ℎ(𝑡𝑡) =  𝐻𝐻𝑢𝑢 ∗ 𝐶𝐶 ∗ �
𝜏𝜏
𝑡𝑡𝑒𝑒
�
𝛽𝛽
∗ �𝛽𝛽

𝑡𝑡𝑒𝑒
� ∗ 𝑇𝑇(𝑡𝑡𝑐𝑐) ∗ 𝑒𝑒

𝐸𝐸𝑎𝑎
𝑅𝑅 ∗�

1
𝑇𝑇𝑟𝑟
− 1
𝑇𝑇𝑐𝑐
� (5-8) 

where C is the weight of cement in the concrete mix, in kg/m3; R is a heat constant; Ea is the 
activation energy of concrete; Tr is the reference temperature (23°C); and Tc is the concrete 
temperature at the time interval of interest, in °C. 

It should be noted that 𝑇𝑇𝑢𝑢, β, and 𝜏𝜏 are critical parameters in the prediction models for cement 
hydration and concrete ATR. In order to establish robust ATR models for slag hydration and slag 
concrete, the model inputs should be based on various concrete mixes. Therefore, a literature 
review was conducted in this study to collect the respective adiabatic temperature data of 
concrete mixes containing slag and cement as a binary binder. The valid data extracted from the 
literature reviewed were then used for developing models for predicting 𝑇𝑇𝑢𝑢, β, and 𝜏𝜏, and these 
parameters were further used to establish the slag-cement hydration and the slag-concrete ATR 
prediction models.  

In this study, two types of models were initially considered for predicting slag hydration, and 
they are (1) the three-parameter (3P) model and (2) the six-parameter (6P) model. In the 3P 
model, which is the form of the cement hydration model in the current ConcreteWorks software, 
slag cement is considered as a one-component binder, and its hydration can be described by only 
one set of three parameters, αu, β, and τ. In the 6P model, slag cement is considered as having 
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two-components, portland cement and slag, each of which contributes to the cement hydration 
separately. Thus, equation 5-6 becomes equation 5-9 given as follows:  

𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 = 𝑇𝑇 ∗ 𝑄𝑄ℎ,𝑐𝑐(𝑡𝑡) + 𝑏𝑏 ∗ 𝑄𝑄ℎ,𝑠𝑠(𝑡𝑡) (5-9) 

To calculate Qh,c(t) and Qh,s(t), the following equations 5-10 and 5-11 are used to replace α (te) in 
equation 5-8.  

𝑇𝑇𝑐𝑐(𝑡𝑡𝑐𝑐) =  𝑇𝑇𝑢𝑢,𝑐𝑐 ∗ 𝑒𝑒
−[𝜏𝜏𝑐𝑐𝑡𝑡𝑒𝑒

]𝛽𝛽𝑐𝑐  (5-10) 

𝑇𝑇𝑠𝑠(𝑡𝑡𝑐𝑐) =  𝑇𝑇𝑢𝑢,𝑠𝑠 ∗ 𝑒𝑒
−[𝜏𝜏𝑠𝑠𝑡𝑡𝑒𝑒

]𝛽𝛽𝑠𝑠  (5-11) 

In equations 5-10 and 5-11, there are six parameters, αu,c, β c, and τ c for α c(t) and αu,s, β s, and τ s 

for α s(t). 

5.2. Data Collection 

A thorough literature search was conducted to collect the temperature data of concrete mixes 
containing slag-cement binary binder for the development of a slag hydration model. The 
following key components were collected: 

• Dimensions of the structural element 
• Slag physical and chemical compositions 
• Cement chemical and physical compositions  
• Concrete mix design 
• ATR with time, ultimate heat of hydration 
• Activation energy 
• Fresh and hardened properties 

Among the papers reviewed, 20 papers were found to contain valid data for this project (Woo et 
al. 2018, Zhu et al. 2022, Riding et al. 2012, Bas 2020, Han 2020, Tang et al. 2017, Zayed et al. 
2015, Wang and Lee 2010, Chen et al. 2021, Schindler and Folliard 2003, Riding et al. 2019, 
Hamid and Chorzepa 2020, Luan et al. 2012, Tia et al. 2010, Koo et al. 2014, Abeka et al. 2017, 
Coole 1998, da Silva et al. 2015, Yikici and Chen 2015, Lawrence et al. 2012). More details on 
the papers included in the model development can be found in Appendix B. 

For papers with sufficient information and valid adiabatic test results, data with concrete mixes 
containing slag were extracted using the WebPlotDigitizer software. A short description of the 
procedure used for the data extraction is given as follows: 

1. Take a snapshot/picture of the graph from paper/article. 
2. Paste the picture in the WebPlotDigitizer software. 
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3. Mark and align the axis of the graph with values and define the scale.  
4. Select the trend/plot of interest. 
5. Pick the data points manually one by one from the plot. 
6. Pick data points as close as possible. 
7. Download the data file as an Excel spreadsheet. 

Figure 5-1 shows an example of the data before and after the extraction process. Figure 5-1a is 
the original graph from the literature, and Figure 5-1b is the graph reconstructed after plotting the 
extracted data, where only the mixes containing slag are the subject of interest for this project. 
To ensure sufficient accuracy, more than 50 points were collected from each original curve to 
reconstruct a new curve.  

  
(a) Original curves in literature (b) Reconstructed curves from extracted data 

Figure 5-1. Illustration of the data extraction using WebPlotDigitizer software 

5.3. Data Analysis  

After the valid data were extracted, the analysis of the data was conducted using the following 
steps:  

1. Calculate the ultimate total heat of hydration (Hu) using equations 5-2 and 5-3.  
2. Obtain the concrete activation energy (Ea) (calculated using existing ConcreteWorks 

equations if not provided in the literature).  
3. Calculate the equivalent time (𝑡𝑡𝑐𝑐) using equation 5-5, and then calculate the degree of cement 

hydration at an equivalent time (α(te)) using equation 5-4.  
4. Compute the true adiabatic temperature using equations 5-6 to 5-8, where αu=0.75, β = 0.8, 

and τ = 8 hours were selected as a starting point.  
5. Plot the concrete adiabatic temperature calculated from equation 5-6 against the true 

adiabatic temperature measured and published in the literature. The coefficient of 
determination, or R2 value, of this plot is then determined.  
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6. If the R2 value is not acceptable, the selected values of αu, β, and τ are adjusted until the R2 
value becomes acceptable for further study. 

Table 5-1 presents the results from the analysis of the literature data, where regression R2 was 
maximized using the heat parameter as an independent variable (αu, β, τ).  

Table 5-1. Hydration parameters based on 3P and 6P models with respective R2 values for 
the selected mixes 

Mix  No. of 3-Parameter Model 6-Parameter Model 
OPC Slag Mixes R2 𝜶𝜶𝒖𝒖 β τ R2 𝜶𝜶𝒖𝒖,𝒄𝒄 𝜷𝜷𝒄𝒄 𝝉𝝉𝒄𝒄 𝜶𝜶𝒖𝒖,𝒔𝒔 𝜷𝜷𝒔𝒔 𝝉𝝉𝒔𝒔 

  Studied  0.75* 0.80 8.00  0.75 0.80 8.00 0.60 0.65 30.0 
80 20 1 0.97 0.62 0.87 21.57 0.99 0.92 0.89 21.13 0.54 0.75 31.1 
70 30 5 0.98 0.45-0.6 0.58-1.3 12.4-17.5 0.99 1.00 1.3 13.5 1.00 2.9 23.4 
65 35 1 0.99 0.69 0.74 18.86 0.99 1.00 1.16 9.51 1.00 3.47 51.1 
60 40 8 0.98 0.52-0.71 0.63-1.3 19-28.63 0.99 1.00 1.30 14.04 1.00 2.69 67.3 
55 45 2 0.99 0.5-0.55 0.6-0.72 18.66        
50 50 8 0.98 0.65-0.78 0.8-1.4 32-46 0.99 1.00 3.55 12.94 1.00 2.45 193.3 
30 70 6 0.99 0.38-0.66 0.7-1.4 26-42 0.99 1.00 2.98 7.34 0.75 1.38 44.3 
20 80 2 0.98 0.32-0.53 0.6-1.26 29-31.03        

Note: The αu, β, and τ values in the first row were assumed, and the rest of the values were adjusted to obtain a high 
R2 value.  

It can be seen from Table 5-1 that the R2 values resulting from the 3P and 6P models are very 
close, 0.98 to 0.99, respectively. Therefore, it was concluded that simple 3P model is sufficient 
for the hydration heat modeling of the slag-containing concrete mixtures. Thus, it was decided to 
update the 3P model in the ConcreteWorks software, rather than developing a new model, for the 
prediction of slag cement hydration.  

5.4. Determination of Heat Parameters of Slag Cement Hydration  

As discussed in Section 5.1, the concrete adiabatic temperature can be calculated from 
parameters Hu, Ea, τ, β, and αu, and these parameters can be predicted based on the concrete 
mixture proportions and constituent material properties.  

In this project, the τ, β, and αu parameters are calculated from a statistical analysis based on over 
300 semi-adiabatic calorimetry tests performed according to recommendations from 
International Union of Laboratories and Experts in Construction Materials, Systems and 
Structures (RILEM) technical committee 119 and validated by 18 tests conducted on concrete 
sampled from concrete construction sites and 44 tests conducted independently by Schindler and 
Folliard (2005) and Ge and Wang (2009). The data set used includes concrete containing various 
chemical admixtures, cement fineness and chemical compositions, and SCMs.  

The apparent activation energy, Ea, is also calculated based on the cementitious material 
properties and the chemical admixtures used. A statistical analysis of 117 apparent activation 
energies calculated from isothermal calorimetry was developed by Poole et al. (2007).  
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The Hu parameter is calculated from the cement chemical composition using a model developed 
by Schindler and Folliard (2005) and later altered to better characterize the influence of Grade 
120 GGBFS by Poole et al. (2007), as described by equation 5-2.  

The cement composition can be determined from either the Rietveld method determined from 
quantitative XRD or the Bogue method calculated according to ASTM C150.  

5.4.1. Heat Parameter Equations in the Current ConcreteWorks Software 

When the Rietveld method is used to determine the cement chemical composition, the following 
equations 5-12 through 5-15, which are in the existing ConcreteWorks, were used to calculate 
the heat of slag cement hydration parameters, τ, β, αu, and Ea in this study:  

au =
1.031∗ wcm
0.194+ w

cm
+ exp

⎩
⎨

⎧
−0.0885 − 13.7 ∗ pC4AF ∗ pcem

−283 pNa2Oeq ∗ pcem
−9.90 ∗ pFA ∗ pFA−CaO

−339 ∗ WRRET− 95.4 ∗ PCHRWR⎭
⎬

⎫
 (5-12) 

β = exp �
−0.464 + 3.41 ∗ 𝑝𝑝𝐶𝐶3𝐹𝐹 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 − 0.846 ∗ 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 107 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇

+33.8 ∗ 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 + 15.7 ∗ 𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊
+38.3 ∗ 𝑃𝑃𝐶𝐶𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 + 8.97 ∗ 𝑁𝑁𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊

� (5-13) 

𝝉𝝉 = exp�
2.92 − 0.757 ∗ 𝑝𝑝𝐶𝐶3𝑆𝑆 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 + 98.8 ∗ 𝑝𝑝𝑁𝑁𝑠𝑠2𝐶𝐶 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐

+1.44 ∗ 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 4.12 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹−𝐶𝐶𝑠𝑠𝐶𝐶
−11.4 ∗ 𝐴𝐴𝐶𝐶𝐶𝐶𝐿𝐿 + 98.1 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇

� (5-14) 

𝑊𝑊𝑠𝑠 = 41230 + 8330 ∗ ��𝑝𝑝𝐶𝐶3𝐹𝐹 + 𝑝𝑝𝐶𝐶4𝐹𝐹𝐹𝐹 � ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 + 𝑝𝑝𝐺𝐺𝐺𝐺𝐶𝐶𝑠𝑠𝑢𝑢𝑐𝑐 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡� 
−3470 ∗ 𝑁𝑁𝑇𝑇2𝑂𝑂𝑐𝑐𝑒𝑒 − 19.8 ∗ 𝐵𝐵𝐵𝐵𝑇𝑇𝐵𝐵𝐵𝐵𝑒𝑒 + 2.96 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹−𝐶𝐶𝑠𝑠𝐶𝐶 
+162 ∗ 𝑝𝑝𝐺𝐺𝐺𝐺𝐺𝐺𝑆𝑆 − 516 ∗ 𝑝𝑝𝑠𝑠𝑠𝑠 − 30900 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇 − 1450 ∗ 𝐴𝐴𝐶𝐶𝐶𝐶𝐿𝐿 (5-15) 

where p-C3S, C3S, C2S, C3A, C3S, C4AF, cement, slag, FA-CaO and FA is the same as that 
defined in equations 5-2 and 5-3. p-Na2Oeq, Na2O, and Gypsum is the percentage of Na2Oeq, 
Na2O, and gupsum in the portland cement, respectively. p-GGBFS and p-SF is the percentage of 
GGBFS and silica fume of the total cementitious materials, respectively. WRRET is the ASTM 
Type B and D WR/retarder dosage, PCHRWR is an ASTM Type F polycarboxylate-based high-
range WR dosage, LRWR is the ASTM Type A WR dosage, MRWR is the mid-range WR 
dosage, NHRWR is the Type F naphthalene high-range WR dosage, and ACCL is the ASTM 
Type C accelerator dosage. The chemical admixture dosages are in percent solids by weight of 
cementitious materials. 

In the current ConcreteWorks software, the existing model equations for the hydration 
parameters (𝛼𝛼𝑢𝑢, 𝛽𝛽, 𝜏𝜏) (equations 5-12 to 5-15) do not take the slag physical and chemical 
compositions into account but only the slag replacement level (in percentage). The main 
objective of the present work is to include the slag physical and chemical compositions into the 
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slag hydration parameter equations. To fulfil this goal, a statistical approach is used to update the 
hydration parameters with new equations.  

Table 5-2 shows the hydration parameters calculated from the equations in ConcreteWorks 
(equations 5-12 to 5-14), in comparison with those obtained from the literature data using the 3P 
model procedure as described in Section 5.3. It can be seen from the table that the values of the 
hydration parameters obtained from the 3P model of the literature data and from the existing 
ConcreteWorks model differ greatly from each other, implying the need for updating the 
hydration parameter equations in the ConcreteWorks software. 

Table 5-2. Hydration parameters calculated from new 3P model vs. current 
ConcreteWorks equation  

Mix  No. of  
Mixes 

Studied 
(45 Total)  

New 3P Model from Regression of 
Literature Data 

3P Model in Current 
ConcreteWorks 

OPC Slag R
2
 value α' β' τ' α β τ 

– – 0.75 0.80 8.00 – 
60 40 1 0.99 1.26 0.80 20.67 0.73 0.52 45.77 
40 60 2 0.99 1.00 0.89 48.54 0.831 0.46 56.02 
30 70 3 0.99 1.00 0.77 61.74 0.87 0.44 61.98 
20 80 4 0.98 0.79 0.81 54.11 0.92 0.41 68.57 
50 50 5 0.99 0.83 0.67 30.17 0.77 0.52 43.55 
50 50 6 0.99 0.84 1.00 20.7 0.78 0.65 43.55 
50 50 7 0.99 0.63 0.66 10.68 0.79 0.46 39.85 
30 70 8 0.98 0.57 0.80 10.44 0.87 0.41 53.54 
70 30 9 0.97 1.11 0.88 9.01 0.85 0.50 22.93 

Note: The αu, β, and τ values in the first row were assumed, and the rest of the values were adjusted to obtain a high 
R2 value. 

5.4.2. New Hydration Heat Parameter Equations Developed from the Literature Data 

Portland cement chemistry is basically well known, and it is generally consistent for cement 
from a given plant. Thus, it is rational to assume that the differences in hydration parameter 
values between cement without and with slag replacement are attributed to the slag chemistry. 
Therefore, a regression analysis was designed to evaluate the effect of the slag physical and 
chemical compositions on the hydration parameters. The hydration parameters were modeled 
with the slag physical and chemical properties.  

The ConcreteWorks model hydration parameters are 𝛼𝛼𝑢𝑢, 𝛽𝛽, and 𝜏𝜏; the new 3P hydration model 
hydration parameters are 𝛼𝛼𝑢𝑢’, 𝛽𝛽’, and 𝜏𝜏′ . The difference between the hydration parameters 
calculated from the ConcreteWorks model and the new 3P hydration model are noted as Φ, 
which has three components, Φα, Φβ, and Φτ for parameters α, β, τ, respectively. Equations 5-16 
to 5-18 express the calculations of each Φ component. 
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 ɸ𝛼𝛼 =  𝛼𝛼𝑢𝑢′  – 𝛼𝛼𝑢𝑢 (5-16) 

 ɸ𝛽𝛽 =  𝛽𝛽’– 𝛽𝛽 (5-17) 

 ɸ𝜏𝜏 =  𝜏𝜏’ – 𝜏𝜏 (5-18) 

Equations 5-16 through 5-18 can be rewritten in a common mathematical form as follows: 

ɸ = F (slag physical and chemical properties) (5-19) 

where  F represents a function.  

Based on the literature review, a few components significantly influence heat generated from 
cement hydration, and they were slag replacement level, slag fineness, and alkali, alumina, 
sulphur, magnesium, and calcium contents of the slag. Therefore, the information on these slag 
properties was collected (Appendix C) and considered in this study. To assist with the data 
analysis, the collected values were represented by seven parameters: slag replacement fraction 
(X1), alumina content (X2), alkali content (X3), calcium content (X4), magnesium content (X5), 
sulphur content (X6), and slag fineness (X7). However, it was found later that slag fineness (X7) 
was not reported by most of the literature. Due to the very limited data on the fineness of slag, 
the team decided to eliminate the variable X7, resulting in six independents variables (X1–X6). 

Thus, equation 5-19 can be rewritten as ɸ = F(X).  

As described in the following section, a key task for the development of the slag cement 
hydration model is to find the function, F.  

5.4.2.1. Linear Regression to Evaluate the Relationship between Hydration Heat Parameters and 
Slag Physical Properties 

As discussed above, function F describes the relationship (function) of the slag chemical and 
physical properties (independent variables, X1–X7) with the hydration parameters (dependent 
variables, 𝛼𝛼𝑢𝑢, 𝛽𝛽, and 𝜏𝜏) of a slag cement binder. In statistics, linear regression is a linear 
approach for modeling the relationship between the dependent variable and the independent 
variable. In the case that only one dependent variable is considered, the regression is called 
simple linear regression. If more than one dependent variable is considered, the regression is 
called multiple linear regression. This term is distinct from multivariate linear regression, where 
multiple correlated dependent variables are predicted, rather than a single scalar variable.  

In this study, since the independent variable X is a matrix with seven components, the regression 
is multivariate linear regression as noted in this section.  

ɸ𝛼𝛼 = 𝐹𝐹1(𝑋𝑋𝑖𝑖) (5-20) 
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ɸ𝛽𝛽 = 𝐹𝐹2(𝑋𝑋𝑖𝑖) (5-21) 

ɸ𝜏𝜏 = 𝐹𝐹3(𝑋𝑋𝑖𝑖) (5-22) 

In the present study, the following two groups of regression formats were used: 

Group 1 (simple linear equations) 
Linear regression (single variable):  
ɸ = a

0
+ a

1
x

1
 (5-23) 

Linear regression (multiple variables):  
ɸ = a

0
+ a

1
x

1
 + a

2
x

2
… (5-24) 

Group 2 (log linear equations) 
Linear regression (single variable in log): 
ɸ = a

0
+ a

1
log(x

1
) (5-25) 

Linear regression (multiple variables in log): 
ɸ = a

0
+ a

1
log(x

1
) + a

2
log(x

2
) + …. (5-26) 

The regression was performed using the data set collected from the literature. Nearly 33 different 
data sets were used to do the regression, and each time the R2 values were calculated to see the 
dependency on the regression. Because the information on the independent variable fineness 
(X7) was not reported by most of the literature, the team decided to eliminate the variable X7, 
resulting in six independents variables.  

Multiple trials of the regression analyses were conducted. First, the single variable linear 
regression was conducted to see the effect of each independent parameter (for example, X1: slag 
replacement) on the dependable parameter (hydration parameters: φα, φβ, and φτ) and respective 
R2 values were measured. Table 5-3 shows that the R2 values for all φ (φα, φβ, and φτ) of trials 1 
through 5 were always less than 0.5, indicating a poor correlation between the dependent and 
independent variable, or a poor regression function. Therefore, multivariate linear regression 
analyses (trials 6 through 29) were conducted with all possible combinations to get the best fit. It 
was found that as more variables were considered, the R2 values increased, and the highest R2 
value reached 0.66 when all material parameters, X1 through X6, were included in regression. 
The trial analyses were done for φα initially. After the R2 value of φα exceeded 0.5, more 
regressions were then performed for φβ and φτ. As seen in Table 5-3 and Appendix D, the 
regression analyses suggest that the heat of slag cement hydration is governed by multiple 
factors.  
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Table 5-3. Hydration parameters affected by the slag properties (X1–X6) considered 

Trial 
No. of 

Variables 
Replacement 

(X1) 
Alumina 

(X2) 
Alkali 
(X3) 

Ca 
(X4) 

Mg 
(X5) 

Sulphur 
(X6) 

R2 Value 
φα φβ, φτ 

1 

1 

   Yes   0.21   
2     Yes  0.30   
3  Yes     0.24   
4 Yes      0.35   
5      Yes 0.15   
6 

2 

Yes Yes     0.24   
7 Yes  Yes    0.38   
8 Yes     Yes 0.34   
9  Yes Yes    0.25   

10 Yes   Yes   0.29   
11 Yes    Yes  0.39   
12 

3 

Yes Yes Yes    0.36   
13 Yes  Yes  Yes  0.41   
14 Yes   Yes Yes  0.19   
15 Yes   Yes  Yes 0.23   
16 Yes  Yes Yes   0.27   
17 Yes  Yes   Yes 0.43   
18  Yes Yes  Yes  0.14   
19  Yes Yes   Yes 0.43   
20  Yes  Yes Yes  0.36   
21 

4 

Yes Yes Yes  Yes  0.48   
22 Yes Yes Yes Yes   0.47   
23 Yes Yes Yes   Yes 0.46   
24 Yes Yes  Yes Yes  0.55   
25 Yes  Yes Yes Yes  0.53   
26 

5 
Yes Yes Yes Yes   Yes 0.52   

27 Yes Yes Yes   Yes Yes 0.5   
28 Yes Yes Yes Yes Yes   0.5   
29 6 Yes Yes Yes Yes Yes Yes 0.66 0.51 0.6 

 

Figure 5-2 show the relationship of φactual (measured and reported in the reviewed literature) and 
φmodel (from the literature data regression) for the dependent variable X1 (slag replacement) and 
respective R2 values.  
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(a) φα (b) φβ 

 

R2 values for φα = 0.23 
R2 values for φβ = 0.38 
R2 values for φτ = 0.30 

(c) φτ (d) R2 values for slag replacement 

Figure 5-2. Relationship between φactual and φmodel for the dependent variable X1 (slag 
replacement) 

Similarly, the simple linear regression was performed for all six independent variables (X1 
through X6), and the corresponding relationships and R2 values of each independent variables 
can be found in Appendix D.  

5.4.2.2. Model Improvement by Cross-Checking the Selective Mixture Data 

An effort was made to ensure the reliability of the linear regression presented in Section 5.4.2.1. 
As shown in this section, this work was done by identifying the outliers and cross-checking the 
selective mixture data to catch any errors and redo the analysis if needed. In this approach, 
selective outliers were found in the highest R2 value regression, the background calculations 
were checked, and a 10% error margin was considered.  

Figure 5-3 shows the sample results from linear regression of the single variable X3 (alkali 
content of slag). It is clearly seen that the R2 values in Figure 5-3 were improved significantly 
when compared with those in Figure 5-2 and Table 5-3 (as shown in trials 1 through 5).  
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(a) φα (b) φβ 

 

R2 values for φα = 0.53 
R2 values for φβ = 0.58 
R2 values for φτ = 0.63 

(c) φτ  

Figure 5-3. Relationship between φactual and φmodel for the dependent variable X3 (alkali 
content) 

5.4.2.3. Model Improvement Using Higher Order Multivariate Regression 

Although gradual improvements were made with more independent variables and the error 
margin considered as presented in Sections 5.4.2.1 and 5.4.2.2, most R2 values up to this point 
were still less than desired (<0.65). Therefore, some new approaches were selected as follows: 

1. Examine the R2 values from the predicted total heat (Hu) and final ATR from regression 
models versus measured data. This approach was based on the consideration that the 
combination of all hydration parameters (φα, φβ, φτ) results in overall heat or temperature rise. 
Thus, the total heat and final temperature from the predicted function should match the 
measured data collected from the corresponding literature-collected data. Based on their 
relationship, R2 could be calculated.  

2. Conduct higher order regression analysis such as second-order regression, third-order 
regression, etc. 

The second-order regression (multiple variables) can be expressed as follows: 
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ɸ = a
0
+a

1
x2

1
 +a

2
x

1
+ a

3
x

2
 +... (5-27) 

The third-order regression (multiple variables) can be expressed as follows: 

ɸ = a
0
+a

1
x3

1
 +a

2
x2

1
+ a

3
x

1
 +...] (5-28) 

3. Change the regression approach from additive to multiplicative.  

The following equations are used for this new approach, where the relationship between the 
independent and dependent variable is exponential: 

𝑌𝑌 = (𝑒𝑒𝑐𝑐0 ∗ 𝑥𝑥1
𝑐𝑐1 ∗ 𝑥𝑥2

𝑐𝑐2 ∗ 𝑥𝑥3
𝑐𝑐3…..) (5-29) 

𝑌𝑌 = exp(𝑐𝑐0 + 𝑐𝑐1𝑥𝑥1 + 𝑐𝑐2𝑥𝑥2 + 𝑐𝑐3𝑥𝑥3 … … ) (5-30) 

Based on the outcome of the linear regression and the high order, a multivariate analysis 
approach was chosen for use with the collected data.  

In the present study, the following steps were conducted using the above-mentioned approaches: 

1. At the beginning, only second-order regression trials were carried out, which showed 
significant improvement in the R2 values.  

2. Based on the initial results, third-order regression trials were carried out, which showed a 
great improvement with the average R2 values of 0.9.  

3. Later, it was seen that the third-order regression was over-fitting the data due to the 
flexibility in the independent variable terms.  

In a similar fashion, over-fitting a regression model occurs when one attempts to estimate too 
many parameters from a sample that is too small. Regression analysis uses one sample to 
estimate the values of the coefficients for all the terms in the equation. The sample size limits the 
number of terms that one can safely include without over-fitting the model. The number of terms 
in the model includes all of the predictors, interaction effects, and polynomials terms (to model 
curvature). Larger sample sizes allow one to specify more complex models. For trustworthy 
results, the sample size must be large enough to support the level of complexity that is required 
by the research question. If the sample size is not large enough, it will not be able to fit a model 
that adequately approximates the true model for a response variable. Thus, the results will not be 
accurate and acceptable.  

As an example, Figure 5-4 presents the relationship between φactual and φmodel for the dependent 
variable X1, X2, and X3 in the second order of trials (trial 12 in Table 5-3). Trial 12 was chosen 
as the best one among the analyses conducted.  

https://blog.minitab.com/blog/adventures-in-statistics/curve-fitting-with-linear-and-nonlinear-regression
https://blog.minitab.com/blog/adventures-in-statistics/curve-fitting-with-linear-and-nonlinear-regression


45 

  
(a) φα (b) φβ 

 

R2 values for φα = 0.69 
R2 values for φβ =0.29 
R2 values for φτ = 0.43 

X1=Replacement, X2=Alumina, X3= alkali, 
(trial 12 in Table 5-3) 

(c) φτ (d) R2 values 

Figure 5-4. Relationship between φactual and φmodel for the dependent variables X1, X2, and 
X3 in Trial 12 

5.4.2.4. Final Models for Heat Parameters of Slag Hydration Developed from Regression of 
Literature Data 

After many trials (as shown in Appendix D), Figure 5-5 shows that the R2 values of φα, φβ, and 
φτ all reached 0.88, which is significantly improved when compared with the previous analyses. 
Therefore, this regression analysis result and its accompanying equations are acceptable as the 
new slag hydration parameters, which are in second order, for the new slag hydration model. The 
third-order analysis was rejected due to over-fitting. 

The new modeled equations for predicting are as follows: 

𝜙𝜙𝛼𝛼 = 𝑇𝑇1 ∗  𝑋𝑋1 +  𝑇𝑇2 ∗ 𝑋𝑋3 + 𝑇𝑇3 ∗ 𝑋𝑋12 + 𝑇𝑇4 ∗ 𝑋𝑋1 ∗ 𝑋𝑋3 (5-31) 

𝜙𝜙𝛽𝛽 = 𝑏𝑏1 ∗  𝑋𝑋2 + 𝑏𝑏2 ∗ 𝑋𝑋3 + 𝑏𝑏3 ∗ 𝑋𝑋12 +  𝑏𝑏4 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + 𝑏𝑏5 ∗ 𝑋𝑋32 (5-32) 

𝜙𝜙τ = 𝑐𝑐1 ∗  𝑋𝑋2 +  𝑐𝑐2 ∗ 𝑋𝑋3 + 𝑐𝑐3 ∗ 𝑋𝑋12 + 𝑐𝑐4 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + 𝑐𝑐5 ∗ 𝑋𝑋32 (5-33) 
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where X1 is the slag replacement amount, X2 is the alumina content, X3 is the alkali content, 
and X4 is the calcium content of the slag used.  

  
(a) φα (b) φβ 

 

R2 values for φα =0.88 
R2 values for φβ =0.88 
R2 values for φτ =0.88 

X1=Replacement, X2=Alumina, X3= alkali, 
and X4= Calcium content 

(Trial 21 in Table 5-3) 

(c) φτ (d) R2 values 

Figure 5-5. Relationships of φactual and φmodel for the dependent variable X1, X2, X3, and X4 
in the second-order trial (trial 21 in Table 5-3) 

Knowing Φα, Φβ, and Φτ, the new heat parameters αu’, β’,τ’, of slag cement hydration can be 
predicted using equations 5-16, 5-17, and 5-18. Together with the activation energy, Ea, value 
calculated from equation 5-15, the new heat parameters can be used for predicting adiabatic 
temperature of the slag concrete using equations 5-6 and 5-8.  

It should be noted that the values of the coefficients (ai, bi, and ci) in equations 5-31 to 5-33 are 
not presented here because they were further modified during the model validation (as described 
in Chapter 6). The final equations, after the model validation, are presented in Chapter 7.  
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6. DEVELOPMENT AND VALIDATION OF ATR PREDICTION MODEL (TASK A-6) 

As mentioned above, using the heat parameters (αu’, β’, and τ’) developed in Chapter 5, the true 
ATR in concrete containing slag can be predicted from equation 5-6. This ATR prediction model 
needs to be further validated. The temperature data monitored from the laboratory-cast concrete 
blocks as described in Chapter 4 are designed to serve this purpose.  

However, as seen in the previous Figure 4-5, the concrete block temperatures monitored decrease 
after reaching the peak, indicating a heat loss in the system. That is, they do not represent the 
true adiabatic temperature profile, where no heat loss or temperature decrease should occur. 
Thus, the measured concrete block temperature data need to be converted into true adiabatic 
temperature data with compensation for the heat loss. In this project, 4C software was used to 
help convert the measured concrete block temperature data into true adiabatic temperatures.  

4C has the ability to predict temperature distribution, stress distribution, and distribution of the 
tensile stress/strength ratio of a concrete element or member. Using the finite element method, 
4C computes the thermal stress of a concrete element based upon (1) the differential temperature 
resulting from thermal analysis, (2) static and geometrical boundary conditions (load, support 
conditions, etc.), and (3) the development of stiffness, strength, creep, and relaxation properties 
as a function of maturity. More detailed information can be found in a previous project report 
(Shaw et al. 2014). 

To convert the measured temperature data from the concrete blocks, made with 0%, 25%, 50%, 
and 75% slag replacement for cement as described in Chapter 4 into true adiabatic temperature, 
the team’s approach was to change the heat parameters (α, β, and τ) in 4C so that the concrete 
block temperature profile simulated using 4C matches the temperature rise and the maximum 
temperature profile measured from the large concrete block tests. Since the early-age 
temperature rise and the maximum temperature are the most important aspect of the temperature 
profile, the team’s focus was on the close match of the early-age temperature profile. Figure 6-1 
shows basic steps in the 4C simulation to mimic the concrete block data. 

 
Figure 6-1. 4C thermal analysis procedure 
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As illustrated in Figure 6-1, the input data of 4C include (1) volumetric data of a given concrete 
element (size, shape, and configuration) (Step 1); (2) the thermal boundary condition (ambient 
temperature, wind, insulation, and cooling pipes/heating wires) of the concrete element (Step 2); 
and (3) the material properties (materials used, mix proportion, and placement information) (Step 
3). After having these input data, 4C can predict the temperature, maturity, and strength of the 
concrete, as functions of time (Steps 4 and 5).  

The temperature curves provided by 4C are in the form of contour lines, which indicate the 
temperature development at the cross section of the concrete element. 4C also allows one to 
input the heat of cementitious hydration, concrete properties (strength/maturity development, 
thermal properties [specific heat, conductivity, and expansion], initial strain, creep, etc.), 
construction condition (casting time and temperature), and thermal boundary conditions 
(insulation, heating mats, cooling pipes, etc.) of the concrete element to be studied manually, 
according to a prescribed program (under a “surface mode”). 

6.1. 4C Thermal Analysis of Concrete Blocks  

6.1.1. Input Data  

The input data for the 4C analysis were selected as same as the properties and conditions of the 
concrete blocks tested in Chapter 4. Detailed inputs are given in the following subsections. 

6.1.1.1. Volumetric Parameters (Step 1)  

As described in Chapter 4, the concrete blocks cast have a prism shape with a dimension of 3 ft 
in length, 3 ft in width, and 4 ft in height. The volumetric parameters of 4C include the volume 
and initial boundary conditions of each face of the analyzed element. The volume consists of 
shape of geometry, dimensions of the element (only two-dimensional), starting time, and initial 
temperature. Table 6-1 shows the volumetric parameters of large block mixes for the 4C 
analysis, as discussed previously. 

Table 6-1. Volumetric parameters of large block for 4C analysis 

Identification Material 
Size 

(cm × cm) 
Thickness 

(m) 
Start 

Time (h) 
Initial 

Temperature (°C) 
Large Block 

(0% slag) 
Concrete Mix 

0% slag 91.44 × 91.44 1.2 0 21.2 

Large Block 
(25% slag) 

Concrete Mix 
25% slag 91.44 × 91.44 1.2 0 20.16 

Large Block 
(50 % slag) 

Concrete Mix 
50 % slag 91.44 × 91.44 1.2 0 16.27 

Large Block 
(75% slag) 

Concrete Mix 
75% slag 91.44 × 91.44 1.2 0 10.5 
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6.1.1.2. Thermal Boundary Conditions (Step 2) 

The boundary conditions of each face of an analyzed element are significant for thermal analysis. 
The inputs for thermal boundary conditions required by 4C include initial temperature, wind 
velocity, shield, heat transfer coefficients, flux, and radiation, where temperature and 
shield/insulation details are the most essential parameters. The following sections describe the 
thermal boundary conditions used in the present project. 

In this project, a sine function was used to model the fluctuations in ambient temperature to 
simulate temperature boundary conditions. The temperature boundary parameters of a sine curve 
include the starting time (h) of the initial temperature, minimum temperature (°C), and maximum 
temperature (°C). Table 6-2 shows the environmental thermal boundary conditions of the various 
large block mixes.  

Table 6-2. Environmental boundary conditions for large block mixes 

Identification 
Start 

Time (h) 
Min. 

Temp. (°C) 
Max. 

Temp. (°C) 
Temp. 

Variation 
Wind 

Velocity (m/s) 
Large Block (0% slag) 0 22 24 Sine wave 0 
Large Block (25% slag) 0 22 24 Sine wave 0 
Large Block (50% slag) 0 22 24 Sine wave 0 
Large Block (75% slag) 0 22 24 Sine wave 0 

 

The surface temperature of the concrete blocks studied was assumed to be equal to the average of 
the seven-day ambient temperature during the whole analysis period, which was inputted using a 
sine curve format. Wind velocity is assumed constant (zero for our case) during the analysis 
period instead of varying every day.  

The shield information (insulation details) defines the formwork and curing method of the 
analyzed concrete element. Figure 6-2 shows the insulation conditions of the concrete blocks 
cast. The large concrete blocks (size 3 ft × 3 ft × 4 ft) were insulated in three layers. The first 
layer was Styrofoam (2 in. and three layers), the second layer was a steel formwork (0.11 in. 
thick), and the third layer was an insulation blanket (4 cm and two layers).  

 
Figure 6-2. Schematic of concrete block and boundary conditions  
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As seen in Figure 6-2, the insulation boundary condition of the concrete blocks cast included the 
Styrofoam, steel formwork, and insulation blanket on the top. There were three layers of 
Styrofoam with 2 in. of thickness for each layer. From the R-value of Styrofoam provided by the 
manufacturer, the thermal conductivity (λ) of the Styrofoam was calculated using the following 
equation:  

𝑊𝑊 = 𝑡𝑡
𝜆𝜆
 (6-1) 

where t is the thickness in meters, and λ is thermal conductivity in W/mK.  

Similarly, the thermal conductivity of the steel formwork and the insulation blanket were 
calculated. The thermal conductivity of the overall insulation is presented in Table 6-3.  

Table 6-3 Insulation thermal properties 
Insulation Thickness (m) Thermal conductivity (kJ/m.h.c) 

Styrofoam Sheet (SS) 0.150 0.18 
Steel Formwork (SF) 0.003 200.00 

Insulation Blanket (IB) 0.080 0.32 
 

In this study, the insulation blanket was folded in two layers to cover the large concrete block. 
Thus, the thickness of the insulation blanket was doubled for the input parameter. Since there is 
no steel formwork on the top surface of the concrete blocks tested, two separate shield insulation 
boundary conditions were used for the study. The first one included Styrofoam, steel formwork, 
and insulation blanket; the second one was for the top surface of concrete block only, which had 
the Styrofoam and insulation blanket. 

It should be noted that 4C does not have any specific consideration for the edges, corners, and 
places from where the heat may be leaked. The software considers the case where the insulation 
is 100% perfect, which is clearly not true in a laboratory or field study. The software also does 
not include reinforcement in concrete. 

After the previous information is defined, the heat transfer coefficient and thermal coefficient of 
concrete can be automatically generated by 4C. Flux and radiation can be left blank depending 
on the environment. 

6.1.1.3. Concrete Materials and Properties (Step 3) 

Table 6-4 and Table 6-5 show the list of the input data of concrete materials, proportions, and 
properties used for the 4C analysis. 
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Table 6-4. Concrete mix properties inputs for 4C 
Concrete Property 0% Slag 25% Slag 50% Slag 75% Slag Unit 

Slump 63.50 69.85 50.8 95.25 mm 
Water-cement (w/c) ratio 0.44 0.44 0.44 0.44 kg/kg 
Air content 6.50 6.20 5.90 2.30 % 
Specific heat 0.88 0.87 0.86 0.86 kJ/kg/°C 
Thermal conductivity 4.0 3.8 3.8 3.8 kJ/m/h/°C 
Density 2,287.44 2,299.61 2,309.54 2,413.98 kg/m3 
Act. energy factor 1 33,500 33,500 33,500 33,500 J/mol 
Act. energy factor 2 1,479 1,479 1,479 1,479 J/mol/°C 
Cement 352 264 176 88 kg/m3 
Cement + mineral additive 352 352 352 352 kg/m3 

 

Table 6-5. Material properties inputs for 4C 

Type Density (kg/m3) 
Specific heat 
(kJ/kg/°C) 

Thermal Conductivity 
(kJ/m/h/°C) 

Cement Type I/II 3,140 1.14 1.04 
Slag G 100 2,930 1.05 1.01 
Coarse aggregate 2,680 0.84 4.3 
Fine aggregate 2,650 0.77 0.71 
Euclid WR 91  1,050 4.185 1.04 
Water 1,000 4.18 2.09 

 

The specific heat of cement, aggregates, water, slag, and chemical admixture could be defined by 
measurements or recommended values. In this study, the specific heat of the materials is shown 
in Table 6-4. These values were taken from the default data given in 4C for concrete, and some 
were obtained from the Engineering Toolbox website and literature (Sargam et al. 2020). In the 
concrete properties input section, activation energy factors were assumed to be 33,500 J/mol, and 
1,470 J/mol/°C as default values in 4C.  

In the concrete database section of 4C, the current concrete information can be chosen to be used 
or a new concrete database can be added. Creating a new database requires input information 
about mixture proportions (cement, water, aggregate, chemical admixture, and their respective 
properties and quantities such as specific heat and thermal conductivity), properties (slump, w/c 
ratio, air content, specific heat, thermal conductivity, and density), heat, E-modulus, Poisson 
ratio, thermal expansion coefficient, initial strain, creep, compressive strength, and tensile 
strength. These details are listed in Table 6-6.  

https://www.engineeringtoolbox.com/
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Table 6-6. Hardened properties of large concrete block 
Properties Values 

Elastic modulus 
Total: 60,000 MPa 
Time (h): 750 
Curvature: 0.8  

Poisson ratio 
Total: 0.17 
Time (h) 
Curvature: 

Thermal expansion coefficient 0.000008 (1/c) 
Initial strain None 
Creep None 

Compressive strength 
Total: 60 MPa 
Time (h): 720  
Curvature: 0.7 

Tensile strength 1/10th of compressive strength  
 

6.1.2. Calculation Parameters (Step 4) 

The main task of this step (Step 4) is to generate mesh for using finite element method to 
calculate concrete temperature and then thermal stress. In the present study, a general finite 
element mesh was used to activate the project solver and then to perform temperature 
calculation. The calculation parameters in 4C include mesh sizes and analysis period, and other 
calculation parameters include thermal analysis, stress analysis, dimensions, time specifications, 
nonlinear calculations, mesh node generation, circles, and self-weight.  

In the present study, the thermal analysis was kept transient as the default, and the stress analysis 
was conducted based on the thermal results. There was no structural loading, and two-
dimensional with the plain strain was considered. The time specification was the total time (28 
days), time step (1 hour, default), and time step factor (0.5 hour, default). The mesh sizes used in 
the present study were narrow to improve the analysis. The density internal nodes were 3%, 
minimum distance to border: 0.01%. Mesh node generation was used to make the finite element 
mash. The higher the percentage of density nodes, the finer the mash. Finer mash gives better 
results compared to coarser mash.  

6.2. Results from 4C Thermal Analysis 

As mentioned previously, the 4C analysis aims to simulate the temperature profile of the 
concrete mix cast in the laboratory. The adiabatic experiment included one meter cubic volume 
of four different concrete mixes (0%, 25%, 50%, and 75% slag replacement). The temperature 
rise in the block was measured for 30 days, and the temperture profiles at the core and bottom 
corner of the block were studied specifically. To simulate the measured temperature profile using 
4C analyses, the 4C input heat parameters (Q∞, τe, and α) were changed for each concrete mix 
within an expected range so that the 4C simulated temperature profiles match the measured 
temperature data. Because the early-age temperature profile matching was more crucial in terms 
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of thermal cracking, the first three to five days of temperature profile matching was prioritized 
during the 4C analyses. Figures 6-3 through 6-6 show the comparisons of the temperature profile 
obtained in the laboratory and the 4C analysis. 

  
(a) Core temperature (b) Bottom corner temperature 

Figure 6-3. 4C analysis for the 0% slag concrete mix at (a) core and (b) bottom corner  

  
(a) Core temperature (b) Bottom corner temperature 

Figure 6-4. 4C analysis for the 25% slag concrete mix at (a) core and (b) bottom corner 
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(a) Core temperature (b) Bottom corner temperature 

Figure 6-5. 4C analysis for the 50% slag concrete mix at (a) core and (b) bottom corner 

  
(a) Core temperature (b) Bottom corner temperature 

Figure 6-6. 4C analysis for the 75% slag concrete mix at (a) core and (b) bottom corner 

It can be seen in Figures 6-3 through 6-6 that the temperature profiles achieved by the 4C 
simulation almost overlap those obtained from the concrete block temperature measurements, 
especially for the core temperature profiles and early ages. This indicates a good representation 
of the accuracy of the 4C simulation. For the 75% slag mix (Figure 6-6), the core temperature 
profile (Figure 6-6a) from the 4C simulation was slightly overestimated toward the later age 
(after about 10 days) of the hydration, but this effect was reversed for the bottom corner 
temperature profile (Figure 6-6b), where the 4C simulation underestimates the maximum 
temperature by 2°C.  

Table 6-7 presents the heat parameters used to obtain the temperature profiles presented in 
Figures 6-3 through 6-6, where Q∞ is the ultimate total heat (at t=∞), τe is the time parameter 
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(time to reach the hydration peak), and α is degree of hydration. It can be seen from Table 6-7 
that as the slag replacement increases, the ultimate heat of hydration increases, and the time 
required to reach the peak of heat also increases. 

Table 6-7. 4C heat parameters for the concrete block mixes 

 0% Slag 25% Slag 50% Slag 75% Slag Unit 
Q∞ 300 320 332 350 KJ/Kg 
τe 7.3 14.5 20 25 Hours 
α 0.7 0.7 0.7 0.7  

 

6.3. Prediction of True Adiabatic Temperature  

Using the heat parameters listed in Table 6-7, 4C program can calculate the true adiabatic 
temperature of concrete blocks using the following steps:  

1. Determine degree of hydration over time:  

α(t) = 1- exp (- t/τe)  (6-1) 

2. Determine the heat released over time:  

Q(t) = α(t)Q∞  (6-2) 

Figure 6-7 shows the comparison of the true adiabatic temperature profiles of the large concrete 
blocks obtained from measurements and 4C predictions. The measured temperature profiles were 
calculated using equation 5-6 and the heat parameters (αu’, β’, and τ’) developed in Chapter 5, 
while 4C predicted temperature profiles based on the parameters listed in Table 6-7 and equation 
6-2. Figure 6-7 illustrates that except for the concrete mix with 75% slag, the measured profile of 
most concrete mixes displayed a higher adiabatic temperature than the 4C predicted profile, 
especially at the early age. The higher measured temperature profile may be related to the 
accuracy of the heat parameters (αu’, β’, and τ’) developed in Chapter 5 based on literature data. 
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(a) 0% slag large concrete block (b) 25% slag large concrete block 

  
(c) 50% slag large concrete block (d) 75% slag large concrete block 

Figure 6-7. Comparison of the adiabatic temperature profiles measured from the large 
concrete blocks and predicted from 4C 

Therefore, the following steps were taken to validate the newly developed ATR prediction model 
for mass concrete containing slag: 

1. Select new concrete mixes for validation: Six concrete mixes, whose data were not used for 
the previous model development, were selected for the model validation. Mixes 1 through 3 
are the large concrete block mixes containing 25%, 50%, and 75% slag, respectively, and 
Mixes 4 through 6, as shown in Table 6-8, were from the literature. 

2. Validate the newly developed equations for the heat parameters (α’, β’, and τ’): The effects 
of the key material parameters of the selected six validation mixes, such as slag replacement 
percentage, alumina content in slag, alkali content in slag, and calcium content in slag, as 
listed Table 6-8, on heat parameters were analyzed. Adjustments were made so that the 
adiabatic temperature profiles of the six mixes were predicted using the refined heat 
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parameters predicted from the newly developed equations and were comparable to their 
measured temperature profiles.  

3. Evaluate the refined heat parameters using the following steps:  
a. Collect measured true adiabatic temperature profile data: For mixes 1, 2, and 3 (large 

concrete blocks), the measured profile was achieved using 4C software. For mixes 4, 5, 
and 6, the data were taken from the literature (Appendix B).  

b. Compute true adiabatic temperature profiles using the new ATR model generated from 
the new 3P heat parameter equations.  

c. Compare the two sets of the true adiabatic temperature profiles obtained from Steps (a) 
and (b) by plotting them against each other as shown in Figure 6-8a.  

4. Evaluate the heat parameter equations in the existing ConcreteWorks: Similar to Step 3(b), 
the true adiabatic temperature profiles of the six selected mixes were calculated using the old 
heat parameter equations in the existing ConcreteWorks. The calculated profiles were also 
plotted against the measured true adiabatic temperature profile as shown in Figure 6-8b.  

5. Determine the acceptance of the new equations/models developed for predicting the heat 
parameters and ATR profiles of slag concrete. 

Table 6-8. Mixes used for validation of the model with three independent variables 
No. Mix ID Replacement (%) Alumina (%) Alkali (%) Calcium (%) 
1 OPC-S25 0.25 10.05 0.54 38.90 
2 OPC-S50 0.50 10.05 0.54 38.90 
3 OPC-S75 0.75 10.05 0.54 38.90 
4 OPC-S50 0.50 11.00 0.50 38.90 
5 OPC-S70 0.70 9.80 0.50 38.90 
6 OPC-S30 0.30 9.50 0.17 6.56 

 

  
(a) From the newly developed model (b) From existing ConcreteWorks model 

Figure 6-8. Temperature profile of the measured data from six validation mixes versus (a) 
proposed new ConcreteWorks model and (b) existing ConcreteWorks model 
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It can be observed from Figure 6-8a that the adiabatic temperature data predicted from the newly 
developed model are much nearer to a 45º straight line, which represents a direct correlation 
between the measured data and the data predicted by the ConcreteWorks software with the newly 
developed 3P model for slag hydration. The data predicted by the new models show an error of 
15.6% compared to the measured data. Figure 6-8b shows that the existing ConcreteWorks 
model is very far from the 10% margin line, and many of the relationships between the measured 
data and the existing ConcreteWorks model temperature profile are not linear. There is a large 
difference between the measured data and the existing ConcreteWorks model temperature 
profile. The data predicted by the models in the existing ConcreteWorks show an error of 36.0% 
compared to the measured data. 

Additionally, it appears that as the temperature increases, the difference also increases. This 
suggests that the existing ConcreteWorks model underestimates the temperature rise in the slag-
containing mixtures due to the heat parameter equations. This is mainly because the heat 
parameter equations in the existing ConcreteWorks model do not take the slag chemical 
composition into account, thus leading to very different temperature profiles compared to the 
measured data.  

Because of a significant improvement from the existing ConcreteWorks model to the newly 
developed ATR model, these newly developed heat parameter equations were used to modify the 
existing ConcreteWorks software. The final equations of the newly developed models are 
presented in Chapter 7. 
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7. NEW MODEL INCORPORATION AND TRIAL ANALYSES (TASK A-7) 

ConcreteWorks version 2.1.0 was modified based on the results obtained from Tasks A-1 
through A-6. Modifications made accordingly in the software are discussed in the following 
sections. Relevant screenshots from the software are also presented. In addition, thermal and 
sensitivity analyses were conducted using the latest version of ConcreteWorks. 

7.1. Modification of Inputs 

In the existing ConcreteWorks software, the slag chemistry and physical properties are not 
included in the hydration model, while in the modified ConcreteWorks software, the slag 
chemistry and physical properties are considered. Therefore, the related default inputs should be 
updated. These updated default inputs are listed in Tables 7-1 and 7-2. (Note: These data were 
also used to develop the model, and they are therefore listed here as reference default values.) 

Table 7-1. Updated default input options for the slag and Type I/II physical properties  
Input Options Type I/II Slag 

Specific Gravity 3.14 2.93 
Blaine Fineness (m2/kg) 300 Grade 100 (443 m2/kg) 

 

Table 7-2. Updated default input options for the slag chemical properties  
Oxide (%) OPC Type I/II Slag (Grade100) 

SiO2 22.802 35.635 
Al2O3 5.355 10.052 
Fe2O3 3.512 0.894 
CaO 64.186 38.907 
MgO 2.704 10.004 
SO3 1.641 0.965 

Na2O 0.154 0.254 
K2O 0.624 0.428 
TiO2 0.257 0.415 
P2O5 0.048 0.015 

Mn2O3 0.082 0.293 
SrO 0.099 0.038 
ZnO 0.018 0.009 
BaO 0.092 0.103 

 

7.2. Modification in the Equations for Heat Parameter Calculations 

The following are the modified hydration parameter equations when the Bogue method is used: 
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𝑇𝑇𝑢𝑢 = 1.031 ∗ 𝑤𝑤
𝑐𝑐𝑐𝑐0.194

+ 𝑤𝑤
𝑐𝑐𝑐𝑐

+ exp{−0.0885 − 13.7 ∗ 𝑝𝑝𝐶𝐶4𝐴𝐴𝐹𝐹 ∗ 𝑝𝑝𝑐𝑐𝑒𝑒𝑝𝑝 − 283 ∗ 𝑝𝑝𝑁𝑁𝑇𝑇2𝑂𝑂𝑒𝑒𝑒𝑒 ∗ 𝑝𝑝𝑐𝑐𝑒𝑒𝑝𝑝 −
9.90 ∗ 𝑝𝑝𝐹𝐹𝐴𝐴 ∗ 𝑝𝑝𝐹𝐹𝐴𝐴 − 𝐶𝐶𝑇𝑇𝑂𝑂 − 339 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇 − 95.4 ∗ 𝑃𝑃𝐶𝐶𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 } +  𝑌𝑌𝛼𝛼 (7-1) 

𝛽𝛽 = 𝑒𝑒𝑥𝑥𝑝𝑝 − 0.464 + 3.41 ∗ 𝑝𝑝𝐶𝐶3𝐴𝐴 ∗ 𝑝𝑝𝑐𝑐𝑒𝑒𝑝𝑝 + 107 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇 + 33.8 ∗ 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 + 15.7 ∗ 𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊 + 38.3 ∗
𝑃𝑃𝐶𝐶𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 + 8.97 ∗ 𝑁𝑁𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 +  𝑌𝑌𝛽𝛽 (7-2) 

𝜏𝜏 = exp �
2.92 − 0.757 ∗ 𝑝𝑝𝐶𝐶3𝑆𝑆 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 + 98.8 ∗ 𝑝𝑝𝑁𝑁𝑠𝑠2𝐶𝐶 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐

+4.12 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹 ∗ 𝑝𝑝𝐹𝐹𝐹𝐹−𝐶𝐶𝑠𝑠𝐶𝐶
−11.4 ∗ 𝐴𝐴𝐶𝐶𝐶𝐶𝐿𝐿 + 98.1 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇

� + 𝑌𝑌𝜏𝜏 (7-3) 

where 𝑌𝑌 is the component corresponding to the slag physical and chemical properties, 
corresponding to Φ in equations 5-16, 5-17, and 5-18, respectively.  

𝒀𝒀𝜶𝜶 = 𝑋𝑋1 ∗ (−2.108 ∗ 𝑋𝑋1 + 0.015 ∗ 𝑋𝑋2 − 0.534 ∗ 𝑋𝑋3 + 0.016*𝑋𝑋4 (7-4) 

𝒀𝒀𝜷𝜷 = 𝑋𝑋1 ∗ (2.967 ∗ 𝑋𝑋1 + 0.081 ∗ 𝑋𝑋2 − 1.819 ∗ 𝑋𝑋3 − 0.047 ∗ 𝑋𝑋4)  (7-5) 

𝒀𝒀𝝉𝝉 = 𝑋𝑋1 ∗ (−25.403 ∗ 𝑋𝑋1 − 1.989 ∗ 𝑋𝑋2 − 38.918 ∗ 𝑋𝑋3 + 2.154 ∗ 𝑋𝑋4  (7-6) 

The following are the modified hydration parameter equations when the Rietveld method is used: 

au =
1.031∗ wcm
0.194+ w

cm
+ exp�

−0.297 − 9.73 ∗ pC4AF ∗ pcem
−325 ∗ pNa2Oeq ∗ pcem
−8.90 ∗ pFA ∗ pFA−CaO

−331 ∗ WRRET − 93.8 ∗ PCHRWR

� + Yα  (7-7) 

β = exp �
−0.418 + 2.66 ∗ 𝑝𝑝𝐶𝐶3𝐹𝐹 ∗ 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 + 108 ∗ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑇𝑇

+32 ∗ 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 + 13.3 ∗ 𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊
+42.5 ∗ 𝑃𝑃𝐶𝐶𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 + 11.0 ∗ 𝑁𝑁𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊

� + 𝑌𝑌𝛽𝛽  (7-8) 

τ = exp �
2.95 − 0.972 ∗ pC3S ∗ pcem + 152 ∗ pNa2O ∗ pcem

+4.0 ∗ pFA ∗ pFA−CaO
−11.8 ∗ ACCL + 95.1 ∗ WRRET

� + Yτ  (7-9) 

where 𝑌𝑌 is the component corresponding to the slag physical and chemical properties. 

Yα = X1 ∗ (−1.908 ∗ X1 + 0.007 ∗ X2 + 0.629 ∗ X3 + 0.015*X4)  (7-10) 

Yβ = X1 ∗ (3.031 ∗ X1 + 0.1 ∗ X2 − 1.940 ∗ X3 − 0.051 ∗ X4)  (7-11) 

Yτ = X1 ∗ (−35.54 ∗ X1 − 0.874 ∗ X2 − 56.01 ∗ X3 + 2.102 ∗ X4)  (7-12) 
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where X1 is slag replacement (0–1), X2 is alumina content percentage, X3 is alkali content 
percentage of the slag, and X4 is the calcium content percentage of the slag.  

In the older version, the slag cement option has only a “quantity” parameter available. In the 
newer version, additional options such as alkali, calcium, and alumina content are available, as 
shown in Figure 7-1.  

 
Figure 7-1. Slag cement chemical properties options 

7.3. Sensitivity Analysis of the Modified ConcreteWorks Software 

The ATR prediction model in the ConcreteWorks software is based on the 3P statistical model, 
which focuses on three heat parameters (α, β, and τ), and the efficiency of such a model largely 
depends on the base data set used in the heat parameter development. Due to a limited data set, 
and a fixed set of calibration mixes, the updated model has limited accuracy with regard to 
certain parameters. Thus, the sensitivity of the ConcreteWorks software to each parameter must 
be analyzed to understand the limitations of the software. To understand this, the important 
parameters, which significantly affect the thermal analysis, were listed, and a set of trials were 
prepared to measure the effect of each parameter (within a certain input range) on the thermal 
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analysis of the mass structure. Table 7-3 provides the input parameters and the corresponding 
range and intervals used for the analysis. The ranges of input parameters selected cover the 
values that are generally or practically used.  

Table 7-3. Input parameters and interval range used in the sensitivity analysis 
Input Parameter Range Intervals No. of Trials Trial Mix ID 

Slag Replacement (SR) 0%–100% 5% 20 SR 0–SR100 
Slag Alkali Content 

(SAiC) 0%–4% 0.2% and 
0.5% 10 SAiC 0–SAiC 4 

Slag Calcium Content 
(SCC) 10%–60% 5% 10 SCC 10–SCC 60 

Slag Alumina Content 
(SAC) 0%–20% 2% 10 SAC 0–SAC 20 

Insulation R-Value 
(IRV) 0–20 2 10 IRV 0–IRV 20 

 

The trials were conducted to determine the effect of each of the input parameters listed in Table 
7-3 on the temperature rise at the core and top corner location for the selected mass concrete 
structure (7 ft × 7 ft × 7 ft). In the sensitivity analysis, only one parameter varied, and other 
parameters were kept constant so as to understand the sensitivity of that parameter toward the 
thermal analysis. Figure 7-2 shows the results from the sensitivity analyses, and the following 
observations can be made: 

• The sensitivity analysis on the slag replacement dosage, ranging from 20 to 60 wt.% of 
cementitious materials, showed that the largest difference in the maximum core temperature 
is about 5°C, and the largest difference in the core temperature at the later age (28 days) is 
about 10°C (Figure 7-2a). 

• The sensitivity analysis on the slag alkali content, ranging from 0 to 10 wt.% of slag 
chemical compositions, showed that the largest difference in the maximum core temperature 
is about 3°C, and the largest difference in the core temperature at 28 days is about 7°C 
(Figure 7-2b). 

• The sensitivity analysis on the slag calcium content, ranging from 30 to 70 wt.% of slag 
chemical compositions, showed that the largest difference in the maximum core temperature 
is about 5°C, and the largest difference in the temperature at 28 days is about 6°C (Figure 7-
2c). 

• The sensitivity analysis on the slag aluminum content, ranging from 5 to 20 wt.% of slag 
chemical compositions, showed that the largest difference in the maximum core temperature 
is about 6°C, and the largest difference in the temperature at 28 days is about 6°C (Figure 7-
2d). 

• The sensitivity analysis on the concrete insulation R-value, ranging from 0 to 20, showed that 
the largest difference in the maximum core temperature is about 2.5°C, and the largest 
difference in the core temperature at 28 days is about 6°C (Figure 7-2e). 
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(a) Slag replacement (SR) (b) Slag alkali content 

  
(c) Slag calcium content (SCC) (d) Slag alumina content (SAC) 

 
(e) Insulation R-value 

Figure 7-2. Sensitivity analysis based on the effect of input parameters on the ATR in a 
selected concrete structure element  

These observations indicate that within the selected parameter ranges, slag replacement dosage 
clearly influences both the maximum temperature and especially the concrete temperature at later 
age (28 days). That is, the sensitivity of slag replacement dosage is high for concrete adiabatic 
temperature. The next most sensitive parameters are slag aluminum and calcium contents, which 
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more significantly affect the maximum adiabatic temperature of concrete than other parameters 
(like slag alkali content and the structure insulation R-value).  

7.4. Limitations 

To check the limitations of the ConcreteWorks software, extreme inputs were used to test its 
response in predicting ATR. As shown in Figure 7-3a, the software provides reasonable 
maximum concrete temperature predictions at low levels of slag replacement (10% and 20% by 
weight of the total cementitious materials). However, when the slag replacement dosage reaches 
80%, a sudden temperature drop occurs, indicating the software’s inability to capture realistic 
concrete behavior at high slag replacement levels. Similarly, Figure 7-3b shows a sudden 
temperature drop when the calcium content reaches 80% by weight of the slag compositions, 
suggesting another instance where the software’s response becomes unreliable.  

 
(a) Slag replace dosage 

 
 (b) Slag calcium content  

Figure 7-3. Response of ConcreteWorks software to extreme cases 
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The occurrence of such a sudden temperature drop reveals the limitation of the models in the 
software. When a model has only a small amount of data to learn from, it may try to fit the data 
too closely, capturing noise and randomness in the training set rather than the underlying patterns 
or relationships that generalize well when new data are entered. This can lead to poor 
performance when the model is applied to unseen data, because it has essentially memorized the 
training set rather than learning meaningful patterns.  

Another limitation is the lack of statistical power. With limited data, it may be challenging to 
detect subtle or complex relationships between variables. Statistical tests and inference based on 
small sample sizes are less reliable and may lead to incorrect conclusions about the population 
from which the data were drawn. Additionally, limited data can result in high uncertainty and 
variability in model predictions. Confidence intervals and prediction intervals may be wide, 
making it difficult to make precise predictions or draw strong conclusions from the model’s 
outputs. Lastly, the generalizability of a model trained on limited data can be questionable. It 
may perform well on the specific data set it was trained on but struggle to generalize new, unseen 
data from a different population or time period. This lack of generalizability can limit the 
model’s utility in real-world applications.  

Understanding these limitations can help with accurate application, mitigating errors, and 
managing risks effectively. 
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8. DEVELOPMENT OF A NEW COMPONENT IN CONCRETEWORKS FOR SEAL 
SLAB–FOOTING THERMAL ANALYSIS (PHASE IIB) 

8.1. Introduction 

Mass concrete is often associated with large structures like bridge foundations. During the 
construction of bridge foundations or footings, cofferdams are built to form watertight enclosures 
surrounding excavations. A seal slab is typically placed at or just below the final excavation 
depth inside the cofferdam, and it provides a stable working surface for the bridge foundations 
and helps prevent water intrusion during construction. 

The Iowa DOT typically implements seal slabs as follows: 

1. If it is expected that water flow through the bottom of the cofferdam cannot reasonably be 
controlled by pumping, it is determined that a seal slab will be necessary to seal off water 
flow in the bottom of the excavation. 

2. The sheet pile cofferdam is installed, and excavation is carried out inside the cofferdam down 
to the bottom of the seal slab elevation. (During this excavation, the interior of the cofferdam 
remains flooded.) 

3. The seal slab concrete is placed, using a tremie pipe, into the flooded cofferdam (underwater 
concrete placement). The seal slab extends fully to the edge of the sheet pile cofferdam to 
provide the best chance of achieving a watertight seal. 

4. The seal slab is then left to cure underwater until the time the seal develops sufficient 
strength to resist the uplift and bending at the base of the excavation caused by the 
differential water pressure. It is common for the seal to remain submerged for three or more 
days. During this time, the water in the cofferdam provides the curing protection for the seal 
slab concrete. 

5. After the seal develops sufficient strength, the cofferdam is dewatered, and the seal slab is 
cleaned and prepared to receive footing concrete. Dewatering and seal slab surface 
preparation may take several days. 

6. After the seal slab surface is prepared, the footing concrete is placed in the dry cofferdam.  

Figure 8-1 shows a schematic of a seal slab–footing structure within a cofferdam. (Note that deep 
foundation elements are not shown in the drawing but may be present on certain projects.) 
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Figure 8-1. Schematic of the seal slab–footing structure within a cofferdam 

Although not in all cases, a lean concrete mix is typically used for the seal coat slab so that 
thermal cracking due to the heat of cement hydration would not be much of a concern in this 
concrete component. Therefore, concrete mixes used for the seal slabs are generally not 
considered to be mass concrete, and no temperature control of the seal coat slab concrete is 
believed to be necessary. However, one concern raised by the Iowa DOT is whether the heat 
development in a seal coat slab can consequently affect the early-age temperature development 
in the footing placed above it, and the current ConcreteWorks software does not have a 
component for predicting the concrete temperature of the seal coat slabs.  

Therefore, Phase IIB of the ConcreteWorks project aimed to develop a new component in the 
ConcreteWorks software that enables the prediction of the temperature profiles of bridge 
foundations influenced by the temperature development of concrete seal slabs. 

Originally, the team proposed to achieve the project goal by conducting a field investigation, 
where a bridge construction site would be selected and the temperature profiles of its concrete 
seal slab and the footing to be placed above this slab would be monitored. The resulting 
information, together with the thermal properties of the field concrete mixes to be tested, would 
be used to develop a new component in the ConcreteWorks software to model the temperature of 
seal coat concrete slabs. However, a suitable bridge construction site was not available during the 
project timeframe. Therefore, the team simply developed a new component capable of modeling 
concrete seal slabs placed underneath rectangular footings without field data. This new 
component has been added to the ConcreteWorks software. 

The sections below describe the modeling approach, procedure, boundary conditions, and inputs 
of the new component as well as some analysis results from the use of the updated 
ConcreteWorks software. 

8.2. Seal Slab Modeling in ConcreteWorks (Task B-1) 

In this study, seal slabs were modeled only in two-dimensional analysis cases for rectangular 
footings.  

Concrete footing
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Before the footing is virtually placed on the seal slab, the seal slab is modeled in the same way as 
a rectangular footing without a seal slab placed underneath. Curing of the seal slab can be 
specified in the ConcreteWorks software based on the preferred construction practice. Because 
seal slabs in Iowa DOT projects are often cured underwater in a flooded cofferdam, in this 
project a new feature was added that allows the seal slab to cure under water. 

The rectangular footing is cured according to user-selected methods with the seal slab directly 
underneath the footing. If the footing is placed soon after seal slab placement, the concrete in the 
seal slab underneath the footing may still generate heat from the heat of its cement hydration, 
which could subsequently influence the temperature development in the footing.  

8.3. Boundary Conditions and Input Parameters (Task B-1) 

To select the use of a seal slab under a rectangular footing, the user checks a box on the 
Rectangular Footing Dimensions input form, as shown in Figure 8-2. This then displays the seal 
slab dimension inputs required, as shown in Figure 8-3.  

When the user increases the width of the rectangular footing, the minimum width of the seal slab 
is automatically increased to 1 ft greater than the width of the selected rectangular footing. If the 
width of the rectangular footing decreases, the required minimum width of the seal slab also 
decreases to 1 ft greater than the width of the rectangular footing.  

If the seal slab is cured under water, the box labeled “Seal Slab Cured Underwater?” can be 
selected, as shown in Figure 8-3. Otherwise, ConcreteWorks assumes that the same curing used 
on top of the footing is used on top of the seal slab before the footing concrete is placed.  
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Figure 8-2. ConcreteWorks screenshot showing seal slab checkbox 

 
Figure 8-3. ConcreteWorks screenshot showing seal slab dimension inputs 
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Upon entering the mixture proportions input window, the user sees a button labeled “Click to 
Change Seal Slab Mixture Proportions” when the user has elected to use a seal slab, as shown in 
Figure 8-4. If the user wishes to use a different concrete mixture in the seal slab than in the 
footing, the user clicks this button. After clicking this button, the user is brought to a screen 
where the seal slab mixture proportions can be entered. If the user does not change the seal slab 
concrete mixture proportions, the mixture proportions will default to the default concrete mixture 
proportions. 

 
Figure 8-4. Screenshot of button that allows the user to input seal slab mixture proportions 

if different than those of the rectangular footing 

When the user elects to use a seal slab, concrete heat of hydration parameter inputs will appear 
on the Material Properties input form, as shown in Figure 8-5. These parameters are used to 
calculate the concrete heat generation over time for the seal slab. The default heat of hydration 
parameters for the seal slab concrete are calculated from the seal slab concrete mixture 
proportions entered. The user can check the box labeled “Check to manually enter hydration 
properties” to manually override the calculated default hydration properties.  

 
Figure 8-5. Heat of hydration inputs for seal slab concrete 
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When a seal slab is used, the input for “Type of footing subbase” refers to the material 
underneath the seal slab. The required construction input for the seal slab is the age of the seal 
slab (for example, 48 hours after seal slab casting) when the footing is placed on top, as shown in 
Figure 8-6.  

 
Figure 8-6. Screenshot of construction input needed for the seal slab 

After the concrete temperature developments in the seal slab and footing are calculated, the 
temperatures shown on the max-min graph in the output window are for the overall seal slab 
before the footing is placed. During this period, the minimum temperature in the seal slab may be 
considered as the placement temperature for the footing. After placement, the maximum and 
minimum temperatures shown are selected from both the footing and seal slab concrete. On the 
thermocouple points tab, the user can only select from among concrete points on the footing to 
be included in the graph. Because of this, the concrete maximum and minimum temperatures 
selected are only shown after the footing is placed, as shown in Figure 8-7. 
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Figure 8-7. Screenshot of ConcreteWorks graphs for rectangular footing thermocouple 

points when a seal slab is used 

8.4. Trial Analyses of the Effects of Seal Slab on the Temperature Profile of the Footing 
Above (Task B-2) 

In this study, the updated ConcreteWorks software was used to analyze the temperature profile 
of a footing placed on a seal slab 2, 3, 7, and 14 days after the seal slab was cast, where the effect 
of the heat of hydration of the seal slab on the heat of the bridge foundation above was 
considered. The results were then compared with the temperature profile of a corresponding 
footing placed with no seal slab underneath. Through this comparison, the effects of seal slab 
temperature evolution on the thermal behavior of the footing were revealed.  

The trial input data used in the temperature profile calculation in ConcreteWorks are listed in 
Tables 8-1 and 8-2. For the trials, the seal slab and foundation mix designs were considered to be 
the same, although it is possible for the user to input different concrete mix designs for the seal 
slab and foundation. The same curing used on top of the footing was used on top of the seal slab 
before the footing concrete was placed. After a user-defined seal slab curing period, the curing 
material on top of the seal slab was removed, and the footing was virtually placed on top of the 
seal slab. 
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Table 8-1. Concrete mix design for the seal slab and foundation 

Cement Content (lb/yd3) 564 
Water Content (lb/yd3) 220 
Coarse Aggregate Content (lb/yd3) 1800 
Fine Aggregate Content (lb/yd3) 1100 
Air Content (%) 5.0 

 

Table 8-2. Footing sizes and seal slab sizes used in the ConcreteWorks trials 

Footing Size (w*l*d) 3.0 feet 9.0 feet 4.0 feet 
Seal Slab Size (w*d) 10.0 feet 3.0 feet  

 
8.4.1. Effects of Seal Slab on the Footing Temperature Profile 

Using the input data shown in Tables 8-1 and 8-2 and the abovementioned ConcreteWorks 
software with the new seal slab component, temperature profiles for the same footing with and 
without a seal slab were analyzed. The results are presented in Figure 8-8a and 8-8b. For this 
trial, the footing was placed 48 hours (2 days) after seal slab placement. The core temperature 
refers to the temperature at the core of the footing, which is the maximum temperature profile of 
the footing. This temperature is greatly affected by the concrete mix design and footing size. The 
edge temperature is the minimum temperature profile recorded in the outer periphery of the 
footing during the hydration process. This temperature is largely affected by the environmental 
(outside) temperature.  

  
(a) Without Seal Slab (b) With Seal Slab 

Figure 8-8. Temperature profile at the core and edge of the footing 

The effect of the seal slab on the maximum temperature profile of the footing is shown in Figure 
8-9. Based on Figure 8-9, the following key observations are made:  
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• The maximum (core) temperature of the footing with a seal slab is 3ºC higher compared to 
that of the footing without a seal slab.  

• The rates of the core temperature rise of the footings with and without a seal slab are very 
similar, indicating that the heat development of the seal slab does not significantly affect the 
rate of cement hydration of the footing.  

• Once the maximum temperature is achieved, the temperature drop is much slower, and the 
heat remains much higher in the footing with a seal slab compared to the footing without a 
seal slab. 

 
Figure 8-9. Effect of the seal slab on the maximum temperature profile in the footing 

8.4.2. Effect of Time of Footing Placement 

To understand the effect of the time of footing placement—or the seal slab age when the footing 
is placed—on the temperature profile of the footing, several trials were conducted involving the 
same seal slab and the same footing but with the footing placed on the seal slab at 2 days, 3 days, 
7 days, and 14 days after seal slab construction. The core temperature profiles of these footings 
are shown in Figure 8-10.  
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Figure 8-10. Core temperature profiles of footings at different placement times after seal 

slab placement 

Based on Figure 8-10, the following key observations are made: 

• When the footings are placed on the seal slab at 2, 3, and 7 days after seal slab construction, 
the temperature behavior of all of the footings looks similar. That is, the maximum core 
temperatures of the footings are all about 3°C higher than that of the corresponding footing 
without a seal slab. The heat of all the footings drops slowly, and the heat retention lasts 
about 4 days (~100 hours). 

• The trend in the temperature profile of the footing placed 14 days after seal slab construction 
looks very similar to that of the footing without a seal slab. Although the maximum core 
temperature of this footing is still about 3°C higher than that of the footing without a seal 
slab, there is no heat retention in the footing placed at 14 days after seal slab construction.  

8.4.3. Effects of Environmental Temperature of Seal Slab  

The effect of the environmental temperature was studied by keeping the mix design and 
structural dimension inputs the same as those used in the previous analysis and assuming that the 
seal slab was placed in Iowa on June 1, 2024, or October 1, 2024, respectively, and that the 
footings were placed two days after seal slab construction. Figures 8-11a and 8-11b show the 
weather conditions at the time of construction. Figures 8-12a and 8-12b show the results of the 
footing temperature analysis. 
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(a) Early June Forecast  (b) Early October Forecast 

https://world-weather.info/forecast/usa/des_moines/june-2024/ and https://world-
weather.info/forecast/usa/des_moines/october-2024  

Figure 8-11. Weather conditions on assumed construction dates  

  
(a) Concrete placement on June 1, 2024 (b) Concrete placement on Oct 1, 2024 

Figure 8-12. Effect of the environmental temperature on the influence of the seal slab on 
the increase in footing temperature 

As observed in Figure 8-12, when the seal slab construction date is June 1, 2024, the maximum 
core temperature of the footing placed on the seal slab is 3°C higher than that of the footing 
without a seal slab. The heat retention in the footing placed on the seal slab is very clear. When 
the seal slab construction date is October 1, 2024, the maximum core temperature of the footing 
placed on the seal slab is only 0.8°C higher than that of the footing without a seal slab. The heat 
retention in the footing placed on the seal slab is significantly reduced. 

8.4.4. Effects of Seal Slab and Footing Size 

To investigate the effect of seal slab and footing size on the footing temperature profile, the 
following case studies were conducted. 

https://world-weather.info/forecast/usa/des_moines/june-2024/
https://world-weather.info/forecast/usa/des_moines/october-2024
https://world-weather.info/forecast/usa/des_moines/october-2024
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Case Study 1: Study of different footing sizes, with the seal slab size kept as 10 ft x 3 ft and the 
footing placed two days after seal slab construction:  

• Footing Size 1 (F1): 3 ft x 9 ft x 4 ft, Volume (V1): 108 ft3  
• Footing Size 2 (F2): 4 ft x10 ft x 5 ft, Volume (V2): 200 ft3  
• Footing Size 3 (F3): 5 ft x 10 ft x 6 ft, Volume (V3): 300 ft3  
• Footing Size 4 (F4): 4 ft x 10 ft x 8 ft, Volume (V4): 400 ft3 

Case Study 2: Change in the sizes of both footing and seal slab: 

A. Footing Size (F1): 3 ft x 9 ft x 4 ft, Volume (V1): 108 ft3; Seal Slab (SS1): 10 ft x 3 ft, Area: 
30 ft2  

B. Footing Size (F2): 4 ft x 10 ft x 5 ft, Volume (V2): 200 ft3; Seal Slab (SS2):15 ft x 4 ft, Area: 
60 ft2 

C. Footing Size (F2): 4 ft x 10 ft x 5 ft, Volume (V2): 200 ft3; Seal Slab (SS1): 10 ft x 3 ft, 
Area: 30 ft2 

The footings are placed at 2, 3, 7, and 14 days after seal slab construction. 

For the case studies listed above, the mix design of the concrete footing and seal slab (see Table 
8-1) and the environmental conditions (June 1, 2024) were kept the same. The core temperature 
profiles of the footings were analyzed, and the results are presented in Figure 8-13.  
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(a) Case Study 1 (b) Case Study 2-A 

  
(c) Case Study 2-B (d) Case Study 2-C 

Figure 8-13. Effect of seal slab size and footing size on the temperature profile of the 
footing 

The following observations can be made from Figure 8-13: 

• As the size of the footing increases (Case Study 1, Figure 8-13a) from 108 to 300 ft3, the 
maximum core temperature of the footing increases. When the volume of the footing changes 
from 108 to 200 ft3, the core temperature increases 7.3°C. When the volume of the footing 
changes from 200 to 300 ft3, the core temperature increases 2.85°C. When the volume of the 
footing changes from 300 to 400 ft3, the core temperature increases only 0.44°C. This shows 
a nonlinear relationship between the temperature rise and the footing size, which reaches a 
plateau after a certain size of footing.  

• For a smaller footing placed on a smaller seal slab (Case Study 2-A, Figure 8-13b), heat 
retention is observed when the footing is placed within 7 days after seal slab construction. 
However, the heat retention disappears when the footing is placed 14 days after seal slab 
construction. For a larger footing placed on a larger seal slab (Case Study 2- B, Figure 8-
13c), a maximum core temperature increase is only clear for the early footing placement, 2 
days after seal slab construction, but heat retention is observed when the footing is placed 
within 14 days after seal slab construction. 



79 

• As the seal slab size changes while the footing size is kept constant (Case Study 2-B versus 
Case Study 2-C), the differences in the temperature profiles of the footings are limited 
(Figure 8-13c versus 8-13d). 

8.5. Summary of Seal Slab–Footing Analysis 

In this study, a new component that enables modeling of the temperature rise in a footing placed 
on a concrete seal slab was developed and added to the existing ConcreteWorks software. The 
new component is simple, user friendly, and well-integrated with the existing ConcreteWorks 
software.  

Using the updated ConcreteWorks software with the new seal slab component, several trial 
analyses were performed. The following conclusions can be made from the cases evaluated: 

• The maximum core temperature of a footing placed on a seal slab is generally higher than 
that of a footing with no seal slab (by approximately 3°C). 

• The maximum core temperature of a footing placed on a seal slab drops much more slowly 
than that of a footing without a seal slab. That is, a seal slab enhances the capacity for heat 
retention in the footing, keeping the core temperature high for a longer period.  

• The temperature profile of a footing placed on a seal slab can be affected by factors like seal 
slab and footing dimensions, time of footing placement, environmental temperature, the mix 
design of the seal slab and footing, and so on. Additional sensitivity studies can be conducted 
to investigate the effects of various seal slab mix designs on the temperature profile of the 
footings placed above.  
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9. CONCLUSIONS AND RECOMMENDATIONS 

9.1. Summary and Conclusions from Part A 

The previous version of ConcreteWorks did not consider slag chemical and physical properties 
but dosage in the cement hydration model, and therefore its prediction for thermal properties, 
like the adiabatic temperature, of mass concrete containing slag is not accurate. In this project, 
the corresponding physical and chemical properties of slag were identified, and corresponding 
data were collected from the literature. The key chemical properties were slag replacement 
percentage, alkali content, alumina content, and calcium content; while fineness may be another 
key property, the information on slag fineness is limited in the available literature. Using these 
additional factors and regression analysis on the collected literature data, a new hydration model 
was developed. The newly developed model was validated using large concrete blocks (with four 
different concrete mixes) in the laboratory and some literature data. A trial-run thermal analysis 
was conducted on the modified ConcreteWorks (new) software and the previous ConcreteWorks 
(older) software to verify the improvements in temperature prediction.  

A summary of the features in the modified ConcreteWorks software includes the following: 

1. The default input values in the ConcreteWorks software have been updated to contain slag 
chemical compositions based on the results obtained from this research project (both 
laboratory and modeling). They are available for use when analyzing Iowa mass concrete and 
can also be changed when measured data are available.  

2. The new slag hydration model includes the chemical properties of the slag, which makes the 
predictions of the new version of ConcreteWorks more accurate.  

3. The temperature prediction of the concrete has improved in the newly modified 
ConcreteWorks software, when compared with the previous version of ConcreteWorks. The 
absolute error has decreased from 35% to 15.6%.  

4. The newly developed model includes the hydration parameter equations for both the Bogue 
and Rietveld methods, and these equations are easy to implement. 

The following observations were made from the Part A study:  

1. Based on the isothermal calorimetry measurements, it was observed that slag replacement 
does not necessarily decrease the total heat of hydration. When the slag replacement 
increases from 25% to 75%, the initial rate of heat generation (about 7–20 hours of testing) 
decreases. However, at a later age (40–80 hours), depending on the temperature and percent 
replacement), the rate of heat generation and the accumulated heat of slag mixes surpassed 
that of the control mix (0% slag replacement for cement), indicating the late-age reactivity of 
slag is high. The surpassing effect occurred earlier as the testing temperature increased.  

2. The slag fineness (physical properties) showed great influence on the rate of heat and total 
heat of hydration. The finer slag (Grade 120) had a significantly higher rate of heat and total 
heat of hydration compared to Grade 100 slag mixes. This effect was increased at higher 
temperatures, showing that the mass concrete slag physical properties (such as fineness) can 
be a key factor that influences the maximum temperature rise. 
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3. Literature data were collected for the mass concrete structure to get the ATR, slag and 
cement compositions, and mix designs. These data were used in the 3P and 6P models to get 
the best-fit hydration parameters. Based on the fit (R2 value), the 3P model was chosen for 
further advancement.  

4. The previous ConcreteWorks model was modified using regression analysis to include slag 
chemical and physical properties. Slag fineness was excluded due to the lack of availability 
in the literature data. A second-order polynomial regression was fitted to get the best R2 fit, 
and cases of over-fitting (on higher order polynomial) were avoided.  

5. The model was verified using 4C analysis and large concrete block measurements. The true 
adiabatic temperature was obtained using the 4C software, and then it was plotted in the 3P 
model. The new model was also used to model the temperature rise. Both results were 
compared, and the newly developed model showed a 20% reduction in the absolute error.  

6. Overall, the new ConcreteWorks model predicts the early-age temperature profile with 
higher accuracy and predicts the maturity and strength of Iowa mass concrete quite well.  

9.2. Summary and Conclusions from Part B 

In the Part B study, seal slabs were simply modeled in two-dimensional analysis cases for 
rectangular footings. Before the footing is virtually placed on the seal slab, the seal slab is 
modeled the same as a rectangular footing without a seal slab placed underneath. Curing of the 
seal slab can be specified in the ConcreteWorks software based on the preferred construction 
practice. Because seal slabs in Iowa DOT projects are often cured underwater in a flooded 
cofferdam, in this project a new feature was added that allows the seal slab to cure under water. 
If the underwater curing option is not selected, ConcreteWorks assumes that the same curing 
used on top of the footing is used on top of the seal slab before the footing concrete is placed. 
After a user-defined seal slab curing period, the curing material on top of the seal slab is 
removed, and the footing is virtually placed on top of the seal slab. The input parameters of the 
seal slab component include seal slab and footing dimensions, mix design, time of footing 
placement, environmental conditions, and so on. The output parameters are the same as those for 
a footing with no seal slab. In the software, the user can select a footing with or without a seal 
slab for temperature analysis. By comparing the temperature profiles of the footing with and 
without a seal slab, the user can understand the effect of the seal slab on the temperature profile 
of the footing above.  

Using the updated ConcreteWorks software, a series of trial analyses was conducted to 
investigate the effects of (1) the time of footing placement, (2) the sizes of the seal slab and 
footing, and (3) the construction season or environmental temperature on the temperature profile 
of a footing with a seal slab. 

The following observations were made from the Part B study: 

• A new feature has been added to the ConcreteWorks software that allows the seal slab to cure 
underwater in a flooded cofferdam if the option is selected. 

• The new component is simple, user friendly, and well-integrated with the existing 
ConcreteWorks software. 
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• The maximum core temperature of a footing placed on a seal slab is generally higher than 
that of a footing with no seal slab (by approximately 3°C) 

• The maximum core temperature of a footing placed on a seal slab drops much more slowly 
than that of a footing without a seal slab. That is, a seal slab enhances the capacity for heat 
retention in the footing, keeping the core temperature high for a longer period.  

• The temperature profile of a footing placed on a seal slab can be affected by factors like seal 
slab and footing dimensions, time of footing placement, environmental temperature, the mix 
design of the seal slab and footing, and so on. Additional sensitivity studies can be conducted 
to investigate the effects of various seal slab mix designs on the temperature profile of the 
footings placed above.  

9.3. Recommendations 

Recommendations for effective use of the modified ConcreteWorks software and for further 
research are as follows: 

1. This study shows that within the selected parameter ranges, slag replacement dosage clearly 
influences both the maximum temperature and especially the concrete temperature at later 
age (28 days). That is, the sensitivity of slag replacement dosage is high for concrete 
adiabatic temperature, followed by slag aluminum and calcium contents. These sensitive 
parameters should be considered in future mass concrete material selection, mix design, and 
thermal control. 

2. The modified ConcreteWorks software offers reliable predictions for concrete containing up 
to 75% slag replacement for cement. Caution is advised when predicting the temperature of 
concrete with higher slag content, as limited data are available for such mixtures, and the 
statistical power may not be sufficient for developing a reliable model. 

3. The modified ConcreteWorks software has a newly developed hydration model, which 
includes slag chemical properties, but it still does not include slag physical properties 
(fineness). In the future, this model can be modified by considering fineness as an input 
parameter (when enough literature data are available to conduct the analysis).  

4. The modified version of ConcreteWorks does not take the chemical properties of any other 
SCMs, such as fly ash and silica fume, into account. In the future, based on literature and 
available data, the model can be further improved, and a new model can be developed for 
tertiary cementitious systems. 

5. In this study, only binary slag cement with slag was studied. Low-carbon cements, such as 
portland limestone cement (PLC), which has been increasingly used in Iowa, and calcined 
clay-containing binary and ternary cements, such as limestone calcined clay cement (LC3), 
which are increasingly used in the United States, have not been included in the present study. 
Investigation into the thermal behavior of mass concrete containing low-carbon cement, 
especially limestone cement, may be necessary in the very near future.  

6. The modified version of ConcreteWorks can be used to generate a temperature development 
profile at any point and the temperature differential between any two points in the mass 
concrete member. In the future, the generated results can be compared with the Iowa DOT 
temperature differential limits, and the information on the comparison can be incorporated 
into the software.  
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7. While the newly developed seal slab model provides valuable insights, further studies 
incorporating field data are necessary to validate its accuracy and enhance its practical 
applicability. 
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APPENDIX A. SEMI-ADIABATIC CALORIMETER CALIBRATION PROCEDURE 

The use of boiling water is a simple, practical approach to semi-adiabatic calorimeter calibration, 
as boiling water has a stable and known temperature (100°C at standard atmospheric pressure). 
Below is the calibration process. 

1. Setup: 
o Fill a container with boiled water and place the container inside the semi-adiabatic 

chamber. 
o Seal the chamber properly to minimize external influences. 

2. Record Temperature: 
o The temperature of the water was recorded for 160 hours at intervals of 15 minutes using 

Type T sensors installed in the semi-adiabatic chamber (shown in Figure 4-3a as MID, 
EXT1, and EXT2). 

3. Calculate Heat Input: 
o Calculate the total heat input: Qinput = mwater ⋅ Cwater ⋅ ∆Twater  
o Where Qinput is the total heat input; mwater is the mass of the water; C water is the specific 

heat capacity of water (C water =4.186 J/g°C); and ΔTwater is the temperature difference 
from 100°C to the final temperature. 

4. Determine Temperature Rise: 
o The temperature rise inside the chamber (ΔTchamber) is Tchamber, initial – Tchamber, final. 

5. Estimate Apparent Heat Capacity: 
o The apparent heat capacity (Capp) of the chamber can be estimated from: Capp = 

Qinput/ΔTchamber. 
6. Develop Heat Loss Model Using Solver Function: 

o List the experimental data and plot the heat input (Qinput versus corresponding 
temperature rise (ΔTchamber) in an Excel spreadsheet.  

o Use the regression analysis with the Solver function to model the heat loss of the water: 
Qloss = Cf1 ⋅ ΔTchamber + Cf2 ⋅ (ΔTchamber)4, thus generating the best-fit calibration factors 
(Cf1 and Cf2). 

7. Apply the Calibration Data in Concrete: 
o For concrete tested using a semi-adiabatic calorimetry, use the formula Qloss = Cf1 ⋅ ΔTsa+ 

Cf2 ⋅ (ΔTsa)4, where ΔTsa is the recorded semi-adiabatic temperature rise of the concrete 
sample. 

o The total heat generated (Qgen) in concrete will be calculated as Qgen = Qloss + (m⋅C⋅ΔTsa), 
where m is the mass of concrete sample and C is the specific heat capacity of concrete 
(approximately 0.84 J/g°C or 840 J/kg°C). 

o The true adiabatic temperature rise (ΔTtrue ATR) can be calculated as ΔTtrue ATR = Qgen/(m 
⋅C). 
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APPENDIX B. LIST OF PAPERS REVIEWED FOR HYDRATION MODEL 

Table B-1 presents the list of papers where data were extracted for the slag cement hydration 
model. 

Table B-1. List of papers included in slag cement hydration model data extraction 

Paper 
No. Reference Paper Title 

Acceptance 
of final data 

Reason for 
non-

acceptance 

1 Han 2020 Assessment of curing schemes for effectively controlling 
thermal behavior of mass concrete foundation at early ages No Not sufficient 

2 Tang et al. 
2017 

Effect of partial replacement of cement with slag on the early-
age strength of concrete No Not true 

Adiabatic 

3 Zayed et al. 
2015 Long-life slab replacement concrete Yes   

4 Wang and Lee 
2010 

Modeling the hydration of concrete incorporating fly ash or 
slag Yes  

5 Chen et al. 
2021 

On-site measurement of heat of hydration of delivered mass 
concrete Yes  

6 Schindler and 
Folliard 2003 

Influence of supplementary cementing materials on the heat of 
hydration of concrete No Not true 

adiabatic 

7 Riding et al. 
2019 

Methodology comparison for concrete adiabatic temperature 
rise Yes  

8 
Hamid and 
Chorzepa 
2020 

Quantifying maximum temperature in 17 mass concrete cube 
specimens made with mixtures including metakaolin and/or 
slag 

Yes  

9 Luan et al. 
2012 

Enhanced model and simulation of hydration process of blast 
furnace slag in blended cement No No cement 

composition  

10 Tia et al. 2010 Development of design parameters for mass concrete using 
finite element analysis No No 

composition 

11 Woo et al. 
2018 

Heat of hydration and mechanical properties of mass concrete 
with high-volume GGBFS replacements Yes  

12 Bas 2020 Study on the thermal properties of concrete containing ground 
granulated blast furnace slag, fly ash, and steel reinforcement No Not True 

Adiabatic 

13 Koo et al. 
2014 

Properties of adiabatic temperature rise on concrete 
considering cement content and setting time No No 

composition 

14 Abeka et al. 
2017 

Thermal effect of mass concrete structures in the tropics: 
Experimental, modelling and parametric studies No No 

composition 

15 Coole 1998 Heat release characteristics of concrete containing ground 
granulated slag in simulated large pours No Not True 

Adiabatic 

16 da Silva et al. 
2015 

Upscaling semi-adiabatic measurements for simulating 
temperature evolution of mass concrete structures No No 

composition 

17 Yikici and 
Chen 2015 

Use of maturity method to estimate compressive strength of 
mass concrete No Not True 

Adiabatic 

18 Lawrence et 
al. 2012 

Effect of early-age strength on cracking in mass concrete 
containing different supplementary cementitious materials: 
Experimental and finite-element investigation 

No No 
composition 

19 Zhu et al. 
2022 Effect of slag characteristics on adiabatic temperature Yes  

20 Riding et al. 
2012 Modeling hydration of cementitious systems Yes  
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APPENDIX C. PROPERTIES OF SLAGS COLLECTED FROM THE LITERATURE 

The chemical and physical properties of the slag used in selected mixes are presented in Tables 
C-1 through C-3. 

Table C-1. Chemical properties of slag used in selected mixes 

No. 
Slag 

Replacement Alumina % Alkali % Mg % Ca % 
Ea 

(J/mol) 
Hu 

(j/kg) 
Hu*Au 
(J/kg) 

1 0.500 7.730 0.501 10.400 39.42 37009 478135 403366 
2 0.700 7.730 0.501 10.400 39.42 44302 471271 346695 
3 0.700 20.500 0.429 4.200 38.50 43988 458713 412841.7 
4 0.800 20.500 0.429 4.200 38.50 45442 459476 385959.84 
5 0.500 10.050 0.532 10.000 38.90 41486 461762 369409.6 
6 0.700 10.050 0.532 10.000 38.90 43502 461457 355321.89 
7 0.500 11.400 0.400 7.300 41.70 41392 462000 444444 
8 0.470 11.400 0.400 7.300 41.70 42168 453000 447111 
9 0.480 11.400 0.363 7.300 41.70 42176 453000 426726 
10 0.300 11.400 0.363 7.300 41.70 40315 471000 454986 
11 0.400 11.400 0.363 7.300 41.70 41097 469000 458682 
12 0.500 11.400 0.363 7.300 41.70 42008 468000 468000 
13 0.500 11.400 0.363 7.300 41.70 41624 461000 398304 
14 0.300 11.400 0.363 7.300 41.70 39597 476000 423164 
15 0.400 11.400 0.363 7.300 41.70 40200 474000 435132 
16 0.500 11.400 0.363 7.300 41.70 40960 472000 346920 
17 0.300 11.400 0.363 7.300 41.70 31532 475000 475000 
18 0.500 11.400 0.363 7.300 41.70 32824 471000 426255 
19 0.300 11.400 0.363 7.300 41.70 39924 432000 432000 
20 0.400 11.400 0.363 7.300 41.70 40644 436000 436000 
21 0.500 11.400 0.363 7.300 41.70 41502 440000 440000 
22 0.300 11.200 0.600 10.100 36.60 38060 468000 444600 
23 0.150 9.200 0.600 10.200 37.10 37129 469000 365820 
24 0.300 9.200 0.600 10.200 37.10 38060 468000 402480 
25 0.450 9.200 0.600 10.200 37.10 39281 466000 433380 
26 0.300 9.000 0.600 10.300 36.70 38060 468000 407160 
27 0.600 7.820 0.560 10.710 39.18 43765 469930 337,405 
28 0.600 10.690 0.400 10.700 39.23 45483 469930 319,391 
29 0.600 10.090 0.520 10.810 38.33 39975 469930 350,912 
30 0.600 13.800 0.410 5.600 42.00 37641 469930 322,879 
31 0.600 17.070 0.680 10.960 35.49 30220 469930 347,374 
32 0.600 7.820 0.560 10.710 39.18 38714 466174 336,447 
33 0.600 13.800 0.410 5.600 42.00 39285 466174 315,191 
34 0.600 17.070 0.680 10.960 35.49 34476 466174 357,926 
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Table C-2. Chemical and physical properties of slag used in selected mixes 
No. Au β τ (h) R2 w/c ratio PC4AF Pcem PNa2Oeq 
1 0.844 0.54 38.7 0.98 0.4 0.1032 0.5 0.00488 
2 0.736 0.55 36.4 0.95 0.4 0.1032 0.3 0.00488 
3 0.9 0.62 13.44 0.863 0.355 0.0953 0.3 0.00878 
4 0.84 0.53 16.84 0.883 0.355 0.0953 0.2 0.00878 
5 0.8 0.75 40 0.97 0.4 0.09 0.5 0.0054 
6 0.77 0.65 47 0.97 0.4 0.09 0.3 0.0054 
7 0.962 0.46 42.656 0.93 0.44 0.1126 0.5 0.00408 
8 0.987 0.485 39.812 0.96 0.44 0.1156 0.53 0.004948 
9 0.942 0.58 42.587 0.96 0.41 0.1156 0.52 0.004948 
10 0.966 0.482 27.483 0.95 0.44 0.10346 0.7 0.005606 
11 0.978 0.498 28.729 0.94 0.44 0.10346 0.6 0.005606 
12 1 0.46 39.858 0.95 0.44 0.10346 0.5 0.005606 
13 0.864 0.585 32.665 0.97 0.44 0.09738 0.5 0.004632 
14 0.889 0.638 21.291 0.94 0.44 0.0699 0.7 0.00758 
15 0.918 0.592 26.005 0.92 0.44 0.0699 0.6 0.00758 
16 0.735 0.757 21.698 0.93 0.44 0.0699 0.5 0.00758 
17 1 0.751 21.332 0.97 0.42 0.06086 0.7 0.004948 
18 0.905 0.685 26.534 0.98 0.42 0.06086 0.5 0.004948 
19 1 0.497 38.991 0.95 0.44 0.1613 0.7 0.004316 
20 1 0.478 47.914 0.94 0.44 0.1613 0.6 0.004316 
21 1 0.439 81.595 0.94 0.44 0.1613 0.5 0.004316 
22 0.95 0.701 29.752 0.93 0.4 0.1065 0.7 0.005606 
23 0.78 0.753 19.379 0.97 0.4 0.1065 0.85 0.005606 
24 0.86 0.579 30.093 0.95 0.4 0.1065 0.7 0.005606 
25 0.93 0.499 49.334 0.94 0.4 0.1065 0.55 0.005606 
26 0.87 0.588 30.047 0.95 0.4 0.1065 0.7 0.005606 
27 0.718 0.792 26.523 0.96 0.4 0.077 0.4 0.0065 
28 0.68 0.863 27.012 0.93 0.4 0.077 0.4 0.0065 
29 0.747 0.97 26.03 0.94 0.4 0.077 0.4 0.0065 
30 0.687 1.039 21.26 0.98 0.4 0.077 0.4 0.0065 
31 0.739 1.24 24.047 0.95 0.4 0.077 0.4 0.0065 
32 0.722 0.744 34.001 0.97 0.4 0.089 0.4 0.004 
33 0.676 0.982 24.112 0.95 0.4 0.089 0.4 0.004 
34 0.768 1.021 26.982 0.94 0.4 0.089 0.4 0.004 
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Table C-3. Additional chemical and physical properties of slag used in selected mixes 
No. PNa2O PFA PC3S PGGBF PC3A WRRET LRWR MRWR NHRWR 
1 0.0012 0 0.6753 0.5 0.0654 0 0.0006 0 0 
2 0.0012 0 0.6753 0.7 0.0654 0 0.0006 0 0 
3 0 0 0.5638 0.7 0.0835 0 0 0 0 
4 0 0 0.5638 0.8 0.0835 0 0 0 0 
5 0.00154 0 0.62 0.5 0.06 0 0 0 0 
6 0.00154 0 0.62 0.7 0.06 0 0 0 0 
7 0.002 0 0.6616 0.5 0.04 0 0 0 0 
8 0.001 0 0.626 0.47 0.0443 0 0 0.0041 0 
9 0.001 0 0.626 0.48 0.0443 0 0 0.0077 0 

10 0.001 0 0.64624 0.3 0.06704 0 0 0 0 
11 0.001 0 0.64624 0.4 0.06704 0 0 0 0 
12 0.001 0 0.64624 0.5 0.06704 0 0 0 0 
13 0.002 0 0.7432 0.5 0.07307 0 0 0 0.0034 
14 0.001 0 0.63346 0.3 0.10155 0 0 0 0 
15 0.001 0 0.63346 0.4 0.10155 0 0 0 0 
16 0.001 0 0.63346 0.5 0.10155 0 0 0 0 
17 0.001 0 0.57375 0.3 0.10928 0 0.003 0 0 
18 0.001 0 0.57375 0.5 0.10928 0 0.003 0 0 
19 0.003 0 0.5057 0.3 0.01634 0 0 0 0 
20 0.003 0 0.5057 0.4 0.01634 0 0 0 0 
21 0.003 0 0.5057 0.5 0.01634 0 0 0 0 
22 0.001 0 0.5232 0.3 0.06005 0.003 0 0 0 
23 0.001 0 0.5232 0.15 0.06005 0.003 0 0 0 
24 0.001 0 0.5232 0.3 0.06005 0.003 0 0 0 
25 0.001 0 0.5232 0.45 0.06005 0.003 0 0 0 
26 0.001 0 0.5232 0.3 0.06005 0.003 0 0 0 
27 0.0002 0 0.54 0.6 0.056 0.003 0 0 0 
28 0.0002 0 0.54 0.6 0.056 0.003 0 0 0 
29 0.0002 0 0.54 0.6 0.056 0.003 0 0 0 
30 0.0002 0 0.54 0.6 0.056 0.003 0 0 0 
31 0.0002 0 0.54 0.6 0.056 0.003 0 0 0 
32 0.0018 0 0.445 0.6 0.037 0.003 0 0 0 
33 0.0018 0 0.445 0.6 0.037 0.003 0 0 0 
34 0.0018 0 0.445 0.6 0.037 0.003 0 0 0 

 

  



92 

APPENDIX D. DETAILED RESULTS FROM REGRESSION ANALYSIS 

Table D-1 shows the second-order regression analysis with the R2 fit. The independent variables 
(X) varied from two to six, and the corresponding R2 fit was calculated. For second-order 
regression, all the possible combinations of the independent variables were tried as shown in 
Table D-1. For each combination, a regression analysis was performed to get the R2 fit. It is 
evident that as the number of variable increases from two to six, the R2 value increases as well. 
Theoretically, trial 31 (with six independent variables) should be best for regression analysis due 
to its higher R2 value, but practically that is not accurate, as discussed below.  

Table D-1. Second-order regression trials to achieve the best fit 

Trial No. of 
Var. 

Replacement 
(X1) 

Alumina 
(X2) 

Alkali 
(X3) 

Ca 
(X4) 

Mg 
(X5) 

Sulphur 
(X6) 

R2 value 
φα φβ, φτ 

1 

2 

Yes Yes     0.54 0.45 0.38 
2 Yes  Yes    0.53 0.50 0.35 
3 Yes   Yes   0.44 0.39 0.41 
4 Yes    Yes  0.42 0.38 0.37 
5 Yes     Yes 0.40 0.35 0.37 
6 

3 

Yes Yes Yes    0.72 0.74 0.81 
7 Yes Yes  Yes   0.74 0.72 0.82 
8 Yes Yes   Yes  0.60 0.62 0.65 
9 Yes Yes    Yes 0.63 0.65 0.42 

10 Yes  Yes Yes   0.60 0.62 0.44 
11 Yes  Yes  Yes  0.80 0.65 0.52 
12 Yes  Yes   Yes 0.66 0.67 0.53 
13 Yes   Yes Yes  0.74 0.77 0.49 
14 Yes   Yes  Yes 0.69 0.71 0.50 
15 Yes    Yes Yes 0.71 0.73 0.54 
16 

4 

Yes Yes Yes Yes   0.78 0.76 0.78 
17 Yes Yes Yes  Yes  0.79 0.71 0.83 
18 Yes Yes Yes   Yes 0.74 0.76 0.79 
19 Yes  Yes Yes Yes  0.64 0.67 0.74 
20 Yes  Yes Yes  Yes 0.76 0.74 0.65 
21 Yes Yes  Yes Yes  0.74 0.72 0.71 
22 Yes Yes  Yes  Yes 0.73 0.75 0.78 
23 Yes Yes   Yes Yes 0.80 0.72 0.68 
24 Yes  Yes  Yes Yes 0.72 0.73 0.77 
25 Yes   Yes Yes Yes 0.70 0.68 0.74 
26 

5 

Yes Yes Yes Yes Yes  0.83 0.84 0.81 
27 Yes Yes Yes Yes  Yes 0.82 0.84 0.80 
28 Yes Yes Yes  Yes Yes 0.74 0.75 0.83 
29 Yes Yes  Yes Yes Yes 0.81 0.75 0.84 
30 Yes  Yes Yes Yes Yes 0.82 0.81 0.83 
31 6 Yes Yes Yes Yes Yes Yes 0.85 0.95 0.78 

 

For second-order regression with independent variables two through five, the regression 
equations are given as follows, where a is the coefficient of the independent variable and c is a 
constant for the whole equation. 
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𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋21 + 𝑇𝑇2 ∗ 𝑋𝑋1 + 𝑇𝑇3 ∗ 𝑋𝑋22 + 𝑇𝑇4 ∗ 𝑋𝑋2 + 𝑇𝑇5 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + 𝑐𝑐 

For second-order regression with two independent variables, the number of coefficients are six, 
as shown in the previous equation. 

𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋21 + 𝑇𝑇2 ∗ 𝑋𝑋1 + 𝑇𝑇3 ∗ 𝑋𝑋22 + 𝑇𝑇4 ∗ 𝑋𝑋2 + 𝑇𝑇5 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + 𝑇𝑇6 ∗ 𝑋𝑋23 + 𝑇𝑇7 ∗ 𝑋𝑋3 + 𝑇𝑇8 ∗ 𝑋𝑋1 ∗
𝑋𝑋3 + 𝑇𝑇9 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + c 

For second-order regression with 3 independent variables, the number of coefficients are 10, as 
shown in the previous equation. 

𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋21 + 𝑇𝑇2 ∗ 𝑋𝑋1 + 𝑇𝑇3 ∗ 𝑋𝑋22 + 𝑇𝑇4 ∗ 𝑋𝑋2 + 𝑇𝑇5 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + 𝑇𝑇6 ∗ 𝑋𝑋23 + 𝑇𝑇7 ∗ 𝑋𝑋3 + 𝑇𝑇8 ∗ 𝑋𝑋1
∗ 𝑋𝑋3 + 𝑇𝑇9 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + 𝑇𝑇10 ∗ 𝑋𝑋24 + 𝑇𝑇11 ∗ 𝑋𝑋4 + 𝑇𝑇12 ∗ 𝑋𝑋1 ∗ 𝑋𝑋4 + 𝑇𝑇13 ∗ 𝑋𝑋2 ∗ 𝑋𝑋4
+ 𝑇𝑇14 ∗ 𝑋𝑋3 ∗ 𝑋𝑋4 + 𝑐𝑐 

For second-order regression with 4 independent variables, the number of coefficients are 15, as 
shown in the previous equation. 

𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋21 + 𝑇𝑇2 ∗ 𝑋𝑋1 + 𝑇𝑇3 ∗ 𝑋𝑋22 + 𝑇𝑇4 ∗ 𝑋𝑋2 + 𝑇𝑇5 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + 𝑇𝑇6 ∗ 𝑋𝑋23 + 𝑇𝑇7 ∗ 𝑋𝑋3 + 𝑇𝑇8 ∗ 𝑋𝑋1
∗ 𝑋𝑋3 + 𝑇𝑇9 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + 𝑇𝑇10 ∗ 𝑋𝑋24 + 𝑇𝑇11 ∗ 𝑋𝑋4 + 𝑇𝑇12 ∗ 𝑋𝑋1 ∗ 𝑋𝑋4 + 𝑇𝑇13 ∗ 𝑋𝑋2 ∗ 𝑋𝑋4
+ 𝑇𝑇14 ∗ 𝑋𝑋3 ∗ 𝑋𝑋4 + 𝑇𝑇15 ∗ 𝑋𝑋25 + 𝑇𝑇16 ∗ 𝑋𝑋5 + 𝑇𝑇17 ∗ 𝑋𝑋1 ∗ 𝑋𝑋5 + 𝑇𝑇18 ∗ 𝑋𝑋2 ∗ 𝑋𝑋5 + 𝑇𝑇19
∗ 𝑋𝑋3 ∗ 𝑋𝑋5 + 𝑇𝑇20 ∗ 𝑋𝑋4 ∗ 𝑋𝑋5 + 𝑐𝑐 

For second-order regression with 5 independent variables, the number of coefficients are 21, as 
shown in the previous equation.  

Similarly, for 6 independent variables, the number of coefficients for the equations are 28. To fit 
data with 28 coefficients, a second-order polynomial is much easier, as practically one can fit 
mostly any curve with 28 coefficients. This is called over-fitting, where an analysis that 
corresponds too closely to a particular set of data and may therefore fail to add data or predict 
future observation. Thus, any results with more than three variables were not used in the final 
analysis.  

Table D-2 shows the third-order polynomial regression analysis with the R2 fit. The independent 
variables (X) varied from two to six, and the corresponding R2 fit was calculated. It is evident as 
the number of variables increases from two to six, the R2 value increases as well. Theoretically, 
trial 31 (with six independent variables) should be best for regression analysis due to its higher 
R2 value, but practically that is not accurate, as discussed below.  
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Table D-2. Third-order regression trials to achieve the best fit 

Trial No. of 
Var. 

Replacement 
(X1) 

Alumina 
(X2) 

Alkali 
(X3) 

Ca 
(X4) 

Mg 
(X5) 

Sulphur 
(X6) 

R2 value 
φα φβ, φτ 

1 

2 

Yes Yes     0.75 0.72 0.71 
2 Yes  Yes    0.74 0.73 0.72 
3 Yes   Yes   0.74 0.75 0.63 
4 Yes    Yes  0.78 0.72 0.64 
5 Yes     Yes 0.72 0.71 0.73 
6 

3 

Yes Yes Yes    0.88 0.87 0.94 
7 Yes Yes  Yes   0.87 0.89 0.88 
8 Yes Yes   Yes  0.84 0.81 0.83 
9 Yes Yes    Yes 0.78 0.73 0.78 

10 Yes  Yes Yes   0.81 0.83 0.84 
11 Yes  Yes  Yes  0.78 0.82 0.76 
12 Yes  Yes   Yes 0.76 0.79 0.80 
13 Yes   Yes Yes  0.77 0.72 0.79 
14 Yes   Yes  Yes 0.78 0.80 0.81 
15 Yes    Yes Yes 0.77 0.81 0.80 
16 

4 

Yes Yes Yes Yes   0.98 0.98 0.97 
17 Yes Yes Yes  Yes  0.97 0.95 0.94 
18 Yes Yes Yes   Yes 0.96 0.91 0.94 
19 Yes  Yes Yes Yes  0.95 0.96 0.93 
20 Yes  Yes Yes  Yes 0.94 0.96 0.96 
21 Yes Yes  Yes Yes  0.95 0.94 0.95 
22 Yes Yes  Yes  Yes 0.93 0.94 0.94 
23 Yes Yes   Yes Yes 0.94 0.93 0.95 
24 Yes  Yes  Yes Yes 0.93 0.95 0.94 
25 Yes   Yes Yes Yes 0.92 0.94 0.91 
26 

5 

Yes Yes Yes Yes Yes  0.98 0.97 0.95 
27 Yes Yes Yes Yes  Yes 0.97 0.96 0.94 
28 Yes Yes Yes  Yes Yes 0.96 0.95 0.94 
29 Yes Yes  Yes Yes Yes 0.95 0.91 0.93 
30 Yes  Yes Yes Yes Yes 0.94 0.94 0.93 
31 6 Yes Yes Yes Yes Yes Yes 0.98 0.98 0.98 

 

The following equation shows a general expression of the analysis with two independent 
variables.  

𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋31 + 𝑇𝑇2 ∗ 𝑋𝑋21 + 𝑇𝑇3 ∗ 𝑋𝑋1 + 𝑇𝑇4 ∗ 𝑋𝑋31 + 𝑇𝑇5 ∗ 𝑋𝑋21 +  𝑇𝑇6 ∗ 𝑋𝑋1 +  𝑇𝑇7 ∗ 𝑋𝑋21 ∗  𝑋𝑋2 + 𝑇𝑇8 ∗
𝑋𝑋1 ∗ 𝑋𝑋22 + 𝑇𝑇9 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + c 

For third-order regression with 2 independent variables, the number of coefficients are 10 as 
shown in the previous equation. Similarly, the number of coefficients with 3 independent 
variables would be 20, as shown in the following equation.  

𝑌𝑌 = 𝑇𝑇1 ∗ 𝑋𝑋31 + 𝑇𝑇2 ∗ 𝑋𝑋21 + 𝑇𝑇3 ∗ 𝑋𝑋1 + 𝑇𝑇4 ∗ 𝑋𝑋31 + 𝑇𝑇5 ∗ 𝑋𝑋21 +  𝑇𝑇6 ∗ 𝑋𝑋1 +  𝑇𝑇7 ∗ 𝑋𝑋21 ∗  𝑋𝑋2 + 𝑇𝑇8 ∗
𝑋𝑋1 ∗ 𝑋𝑋22 + 𝑇𝑇9 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 + 𝑇𝑇10 ∗ 𝑋𝑋33 + 𝑇𝑇11 ∗ 𝑋𝑋23 +  𝑇𝑇12 ∗ 𝑋𝑋3 + 𝑇𝑇13 ∗ 𝑋𝑋21 ∗  𝑋𝑋3 +  𝑇𝑇14 ∗ 𝑋𝑋22 ∗
 𝑋𝑋3 + 𝑇𝑇15 ∗ 𝑋𝑋1 ∗ 𝑋𝑋23 + 𝑇𝑇16 ∗ 𝑋𝑋2 ∗ 𝑋𝑋23 + 𝑇𝑇17 ∗ 𝑋𝑋1 ∗ 𝑋𝑋2 ∗ 𝑋𝑋2 + 𝑇𝑇18 ∗ 𝑋𝑋1 ∗ 𝑋𝑋3 + 𝑇𝑇19 ∗ 𝑋𝑋2 ∗ 𝑋𝑋3 + c 
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Thus, the third-order analysis was rejected due to over-fitting, and further analysis was limited to 
second-order with a maximum of three to four variables (depending on the number of 
coefficients).  
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APPENDIX E. HYDRATION PARAMETERS  

The hydration parameters (total Q, β, and τ) were obtained by fitting the temperature profile of 
selected mixes in the 4C software by changing these parameters to achieve the best fit. 

Tables E-1 through E-4 show the 4C fitting results, where the hydration parameters Q_∞ (total 
heat), τ (time for hydration peak), and β (curvature) are calculated by mimicking the laboratory-
measured temperature for the large concrete block mixes. To achieve the best fit, several 
combinations of the hydration parameter values were used. Some of these combinations are 
presented in Tables E-1 through E-4. 

Table E-1. 4C trials with hydration parameters to imitate the 0% slag laboratory-
measured temperature profile 

Trial No. 𝑸𝑸∞ (KJ/kg) τ (time in h) β (curvature) Fit (R2) 
1 300 6 1.2 0.84 
2 300 7 0.8 0.89 
3 300 7 0.9 0.86 
4 300 7 0.6 0.91 
5 300 7 0.7 0.94 
6 300 7 0.75 0.93 
7 300 6 0.7 0.91 
8 300 7.2 0.7 0.97 
9 300 7.1 0.7 0.95 
10 300 7.3 0.7 0.99 (Best) 
11 300 7.3 0.72 0.97 
12 290 7 1.5 0.85 
13 270 7 2 0.65 
14 250 7 0.5 0.87 
15 295 7.2 0.7 0.92 
16 300 7.2 0.75 0.94 
17 295 8 0.68 0.90 
18 300 8.0 0.65 0.91 
19 300 8.5 0.65 0.93 
20 320 8.0 0.7 0.88 
21 295 8.1 0.73 0.87 
22 300 7.5 0.7 0.93 
23 310 7.2 0.71 0.95 
24 300 7.3 0.65 0.93 
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Table E-2. 4C trials with hydration parameters to imitate the 25% slag laboratory-
measured temperature profile 

Trial No. 𝑸𝑸∞ (KJ/kg) τ (time in h) β (curvature) Fit (R2) 
1 300 15.0 1.00 0.82 
2 400 15.0 0.80 0.84 
3 350 15.0 0.90 0.88 
4 300 25.0 0.60 0.86 
5 325 20.0 0.70 0.84 
6 330 10.0 0.70 0.89 
7 330 15.0 0.70 0.94 
8 320 20.0 0.70 0.92 
9 350 12.0 0.70 0.85 
10 330 18.0 0.70 0.88 
11 330 15.0 0.70 0.94 
12 350 12.0 0.65 0.91 
13 340 15.0 0.68 0.92 
14 335 14.0 0.75 0.91 
15 325 14.0 0.80 0.93 
16 315 15.0 0.70 0.96 
17 320 15.0 0.70 0.97 
18 320 14.5 0.70 0.99 (Best) 
19 320 14.5 0.72 0.97 
20 330 14.5 0.70 0.96 
21 325 14.5 0.68 0.96 
22 325 14.0 0.75 0.95 
23 320 14.0 0.75 0.96 
24 310 15.0 0.75 0.93 
25 330 14.0 0.70 0.95 
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Table E-3. 4C trials with hydration parameters to imitate the 50% slag laboratory-
measured temperature profile 

Trial No. 𝑸𝑸∞ (KJ/kg) τ (time in h) β (curvature) Fit (R2) 
1 400 25.0 0.50 0.70 
2 300 25.0 0.50 0.73 
3 350 25.0 0.50 0.80 
4 350 25.0 0.60 0.83 
5 325 25.0 0.60 0.81 
6 375 25.0 0.60 0.88 
7 330 25.0 0.60 0.93 
8 330 25.0 0.70 0.95 
9 330 20.0 0.75 0.96 
10 330 18.0 0.75 0.95 
11 330 20.0 0.72 0.97 
12 332 20.0 0.72 0.98 
13 332 20.0 0.70 0.99 (Best) 
14 335 20.0 0.70 0.98 
15 340 19.0 0.70 0.95 
16 330 19.0 0.70 0.97 
17 330 19.0 0.72 0.98 
18 330 19.0 0.75 0.97 
19 340 20.0 0.68 0.96 
20 340 20.0 0.65 0.94 
21 325 20.0 0.75 0.95 
22 325 22.0 0.80 0.91 
23 330 22.0 0.85 0.93 
24 325 25.0 0.80 0.91 
25 325 25.0 0.70 0.94 
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Table E-4. 4C trials with hydration parameters to imitate the 75% slag laboratory-
measured temperature profile 

Trial No. 𝑸𝑸∞ (KJ/kg) τ (time in h) β (curvature) Fit (R2) 
1 400 30.0 0.50 0.74 
2 300 30.0 0.50 0.71 
3 350 30.0 0.50 0.82 
4 350 30.0 0.60 0.88 
5 350 20.0 0.60 0.90 
6 360 20.0 0.60 0.94 
7 360 20.0 0.70 0.96 
8 360 30.0 0.70 0.94 
9 350 30.0 0.65 0.93 
10 355 30.0 0.70 0.95 
11 355 30.0 0.72 0.96 
12 355 25.0 0.72 0.97 
13 350 25.0 0.72 0.98 
14 350 25.0 0.71 0.98 
15 350 25.0 0.7 0.99 (Best) 
16 350 25.0 0.69 0.98 
17 340 24.0 0.70 0.96 
18 360 28.0 0.70 0.95 
19 340 22.0 0.70 0.94 
20 355 25.0 0.70 0.98 
21 360 28.0 0.70 0.91 
22 360 26.0 0.70 0.95 
23 355 26.0 0.70 0.97 
24 355 24.0 0.70 0.98 
25 350 24.0 0.70 0.97 

 

Table E-1 shows some of the 4C trial combinations for the 0% slag replacement concrete mix. 
The total heat, tau, and beta were varied over a range to achieve the best fit. To start the fit, 
initially the maximum temperature at the center was mimicked by changing the 𝑄𝑄∞, τ, and β. 
Once the maximum temperature was close enough, the slope of the temperature rise and fall 
were duplicated. Using the same parameters, the bottom corner temperature profile was also 
mimicked with little variation. The best fit for the temperature at the core and bottom corner 
were considered. As seen in Table E-1, trial 10 showed the best fit (also reported in Table 6-7).  

The same steps were followed for 25%, 50%, and 75% slag replacement mixes, and the 
respective trials to achieve the best fit are shown in Tables E-2, E-3, and E-4. The best fit results 
(𝑄𝑄∞, τ, and β) for each concrete mix are presented in Table 6-7.  
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Figure E-1 shows some of the selected trials for the 0% slag concrete mix where the temperature 
profile of the trials is plotted along with the laboratory-measured trials for the core (Figure E-1a) 
and bottom corner (Figure E-1b) locations.  

  
(a) 4C trials for 0% slag mix lab data (at core) (b) 4C trials for 0% slag mix lab data (at bottom corner) 

Figure E-1. 4C trials to get the best fit for laboratory-observed concrete block data 

For the 0% slag mix, trial 10 seems to be best fit as seen from Figure E-1. To understand the 
effect of each hydration parameter (𝑄𝑄∞, τ, and β) on the temperature profile in 4C, a sensitivity 
analysis was done for the 0% slag concrete mix (shown in Figure E-2). Figure E-2a shows the 
effect of the total heat (𝑄𝑄∞) on the temperature profile, Figure E-2b shows the effect of the time 
parameter ( τ) on the temperature profile, and Figure E-2c shows the effect of curvature 
parameter (β) on the temperature profile.  
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(a) Sensitivity analysis for total heat parameter (b) Sensitivity analysis for time (τ) parameter 

 
(c) Sensitivity analysis for curvature (β) parameter 

Figure E-2. 4C sensitivity analysis for the hydration parameters (Q∞, τ, β) 

As seen in Figure E-2a, when the total heat increases in the model, the maximum temperature 
also increases, and the curve shifts slightly to the left, showing a rapid temperature gain. It can be 
interpreted that a higher temperature concrete mix will have higher total heat released. 

As seen in Figure E-2b, when tau (time parameter) increases, the curve shifts to the right, and the 
maximum temperature decreases. It can be interpreted that a concrete mix with a slow hydration 
rate (i.e., the time to achieve the hydration peak is longer) would result in a lower maximum 
temperature, and the time to achieve the maximum temperature would also increase. Also, the 
total heat and tau did not show any significant effect on the curvature of the temperature profile. 
Figure E-2c shows that as the curvature parameter (beta) increases, the temperature profile of the 
concrete mix shifts to the left and the maximum temperature increases. As seen from the plot, the 
slight variation in beta shows a significant effect on the maximum temperature and time to 
achieve the hydration peak. Thus, it shows the maximum temperature is affected by all three 
hydration parameters (𝑄𝑄∞, τ, and β) and is very sensitive to the change in the curvature 
parameter. 
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