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ABSTRACT 

Title of Thesis : Automated Determination of Air Content 
in Hardened Concrete. 

Name : Anita Navalurkar, 
Master of Science in Civil Engineering, 1991 

Thesis directed by : Dr. Farhad Ansari 

An automated system was developed for the microscopic determination of 

air content and the related parameters in hardened concrete using the principles of 

Image Analysis and Computer Technology. Slices taken from the concrete specimen 

were viewed through a microscope with 40X magnification. The magnified image of 

the concrete slice is digitized by an Image Analyzing Software. Methodologies were 

developed for analysis of the digitized image and determination of air content and 

the required parameters. The automated system included a motorized positioner 

which translated microscope stage in a frame by frame sequence so that the whole 

image is digitized. Several tests were conducted on mortar and concrete to observe 

the behavior of entrained air with varying amounts of air entraining agents. 
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Chapter 1 

Introduction 

1.1 Purpose of entrained air 

Deterioration of concrete structures due to freezing and thawing is one of the 

major problems of concrete industries in northern climates. Deterioration is caused 

by the expansion of freezing water in the void system of the cement paste in concrete 

exposed to freezing and thawing [1]. 

When water freezes, it expands; if restrained this expansion can cause a 

high internal pressure sufficient to disrupt even the strongest concrete. Air voids 

entrained in concrete act as empty reservoirs for the water and relieve this pressure. 

Thus air voids entrained in concrete increase its ability to withstand freeze-thaw 

cycling [2]. 

The main purpose of introducing air is usually to protect hardened concrete 

from frost action. Sometimes it is also done because of the beneficial effect on 

the workability of plastic concrete having a relatively low cement content. Air 

Entrainment improves the workability and is accompanied by less segregation and 

bleeding and results in a more homogenous mix [1-3]. 
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Air content of normal concrete after full compaction is usually about 2 to 3 

percent whereas the optimum air content to give maximum resistance to freezing and 

thawing is about 5 to 7 percent. This additional entrainment of air is accomplished 

by means of a suitable air entraining agent which forms stable air bubbles. Air 

content in concrete should be carefully controlled, since the resistance to freezing 

and thawing would be impaired if the concrete contains an insufficient amount of 

air, and the strength would be critically reduced if the percentage of air is excessive 

[3]- 

1.2 Theoritical Background 

Air content in concrete can be categorised by entrained and entrapped air. 

Entrapped air is that which is found in a given mixture when an air-entraining 

agent(AEA) is not used, and accordingly, entrained air is said to be that in excess 

of entrapped air present because of the air-entraining agent [5]. 

Entrapped air is the result of insufficient compaction, and air voids present 

in the form of entrapped air are unstable and large in size (generally greater than 1 

mm). These voids do not contribute towards increasing the resistance of concrete to 

the freeze-thaw action. Entrained air consists of small, evenly distributed air voids 

that are produced by the stabilizing action of a suitable AEA on the air bubbles. 

In terms of quality control of concrete we are generally concerned with the 

air content of fresh concrete [4], but it has been found that, it is not only the total 

amount of entrained air but also the size and distribution of the air voids that are 

important factors contributing to the increased resistance of concrete to freezing 

and thawing. At present the study of such characteristics of entrained air such as 

void size, void concentration, and uniformity of distribution is only possible by the 
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study of hardened concrete [5]. 

In addition it is known that field performance is sometimes inconsistent with 

general expectations. This fact has been documented by several authors [6-9]. Thus 

the microscopical determinaton of the air void content and its parameters in hard-

ened concrete is carried out both for estimating the potential durability of concrete 

that may be exposed to a freeze-thaw environment, and in examining concrete that 

has failed service. 

1.2.1 Terms commonly used 

(1) Air Void : is a small space enclosed by the cement paste in concrete and 

occupied by air. This term includes both "entrapped" and "entrained " air 

voids [10]. 

(2) Air Void Content : is the percentage of the ratio of the volume of air to the 

volume of concrete. Over here it is approximated as the percentage of the 

ratio of the total length of air voids to the length of traverse [5,10]. 

Av Al 
A =  

V 
-- - = 

L 
(1.1) 

(3) Total length of Traverse : is the total length of the line of traverse [5]. 

(4) Total Length of air bubble : is the sum total of all the lengths which were 

crossed in the line of traverse [5]. 

(5) Mean Chord Length : is the average length of the air bubble. (or it is also 

defined as the total length of air bubbles divided by the total number of air 

bubbles). Mean Chord Length is also called the Mean Chord Intercept [10]. 

Mean Chord Length (MC L) = 
Al
— (1.2) 
n 
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(6) Specific Surface (a) : is the boundary area of the bubbles divided by the total 

volume of bubbles [5]. 
4n 4 

a = — = (1.3) 
A MCL 

where n is the total number of bubbles encountered. Thus smaller the voids, 

bigger is the Specific Surface (a). 

(7) Paste Content (p) : is the ratio of the weight of cement and water to the 

combined weight of cement, sand, aggregate and water [5]. 

C g7  
P = (1.4) 

C S + A + 

(8) Spacing Factor (L) : is an index relating to the maximum distance of any 

point in the cement paste from the periphery of an air void [10] or as shown 

in figure 2.1, it is also defined as a number relating to the distance between 

air bubbles [5]. 

L = 
A 

— (1.5) 

Or 

L = 
A 

[1.4(— — 1) 3 — 1] (1.6) 
a  

where a is the specific surface area as given above, A is the air content, and 

p is the paste content. 

The Spacing Factor is calculated by one of the above two formulae, i.e. Eq 

(1.5) or Eq (1.6) whichever gives a smaller value. From the above equations, it 

is evident that for a given percent of air, greater the surface area (a), smaller 

is the average distance between bubbles. 
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Figure 1.1: Schematic Diagram showing Spacing Factor of Air Voids 
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1.3 Existing Methods 

Microscopical Determination of air void content and the parameters relating to it, 

is generally accomplished by one of the two following methods [5,10,11] : 

(1) The Linear Traverse Method (Rosiwal Method) 

(2) The Modified Point Count Method 

1.3.1 Linear Traverse Method 

This method involves cutting the specimen, polishing the cut surface, and measuring 

the fraction of total area occupied by sections of air bubbles [5,10-12]. 

This method is based on the principle that, provided the bubbles are ran-

domly arranged, a straight line passed through a sufficiently large specimen, or a 

sufficient number of lines through any given specimen, will encounter a represen-

tative sample of the air bubbles, and, of the total length of the lines that fraction 

which lies within the voids is the same as the volume fraction of air in the sample. 

Thus the air content of a sample can be calculated by means of Equation 

(1.7): 
Av A/ 

A =  
V L 

= (1.7) 

where A is the volume of air; V is the volume of the sample; Al is the length of an 

individual air bubble in the line of traverse; and L is the total length of traverse. 

1.3.2 Point Count Method 

This method involves examination of the finely ground surface or a thin section 

under a microscope at regularly spaced points. This method consists of placing a 
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rectangular grid on the plane surface and counting each grid intersection that falls 

within a void section. The air content of the sample is then equal to the number of 

such coincidences with voids divided by the number of grid intersections as given 

by equation (1.8): 

St
A = (1.8) 

where A is the volume of air expressed as a fraction of the volume of concrete; St, is 

the number of points falling within the section of an air void; St  is the total number 

of points observed. In practice a grid is created optically, point by point, by means 

of a mechanical stage capable of bilateral stepwise movements, mounted under a 

fixed binocular microscope [10,11]. 

1.3.3 Need for a New Method: 

Inspite of the fact that the existing methods are very commonly used, these methods 

have two major drawbacks : 

(1) The accuracy of results depends on the efficiency of the operator in recognizing 

the edge of the air bubble. Different operators have been known to produce 

results varying quite vastly from each other [13]. 

(2) The existing methods are cumbersome and time consuming, since the obser-

vations of the entire length of traverse are taken manually. 

Thus an attempt has been made to develop an automated system using Image Anal-

ysis and Computer Technology to overcome these drawbacks retaining the principle 

behind 'The Linear Traverse Method'. The method developed is faster, accurate, 

and does not require manual supervision. 
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Chapter 2 

Image Processing and Computer 
Automation 

2.1 Methodology 

An image is a picture, photograph or a display giving a visual representation 

of any object or a scene. However, in Image Analysis, an image is considered to 

consist of 512 x 512 pixels arranged in a rectangular array to form a complete 

image. Thus a pixel is a small element of the image used to represent that portion 

of the image. Pixel Value is the average brightness intensity of a pixel which can 

range from 0 to 255. Ideally a pixel value of 255 corresponds to white and a pixel 

value of 0 corresponds to black. Any value in between corresponds to various shades 

of grey with the pixel value decreasing as the darkness increases [14,15]. Thus in 

Image Analysis, any picture is converted to 512 x 512 points or pixels each having 

a certain pixel value. This is referred to as Image Digitization. An Image Analyzing 

software performs this digitization and gives the pixel numbers along with the pixel 

values as output. This output can then be used by the user and fed into the 

computer to be used as input for some programs to obtain the desired results. This 
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principle of Image Analysis has been used in determining the air void content and 

its associated parameters. 

2.2 Applications of Image Analysis 

Image Analysis has a variety of scientific, industrial, business, and graphic 

applications. Some of the fields in which Image Analysis is widely used are : 

(1) Medicine 

(2) Robotics 

(3) Manufacture 

(4) Remote Sensing 

2.2.1 Application in Medicine 

Image Analysis has been adapted to suit many purposes of the medical field. 

Spatial Filtering, Contrast Enhancement, and edge detection techniques[15] are 

applied to images of X-rays to aid the diagnosis of diseased organs or to detect 

the presence of any abnormality. This can be done by storing one image of a 

healthy organ for comparison with an X-ray image of the organ to be analyzed 

and reporting any unusual patterns or dark spots. Image Measurement functions 

of Image Analysis can be used to aid the documentation of any abnormal growth 

[16,20]. 
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2.2.2 Application in Robotics 

Robots are an integral part of any manufacturing. Robot vision systems can 

be built to incorporate an Image Analysis software to aid in the analysis of images 

captured by robots. Images captured by robots can be also stored for manual 

analysis [16,19]. 

2.2.3 Manufacturing 

During the manufacturing process, image processing workstations can be used 

to inspect parts coming off an assembly line. Parts with critical sizing requirements 

can be digitized and compared to a standard image for any deformations or imper-

fections. Critical locations in parts can be measured and compared against product 

specifications [16,17]. 

2.2.4 Remote sensing 

Satellite images can be processed in many ways by Image Analysis.To enhance 

special areas of interest the contrast enhancment can be used to improve clarity of 

images. Image areas can be magnified or reduced in scope [16,18]. 

2.3 Image Analysis and Air Content Determina- 
tion 

The main purpose behind the research reported here was to develop an auto-

mated method for determining the air content in Hardened Concrete which had the 

following advantages : 

(1) Its accuracy would not depend on the operator's efficiency. 
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(2) To produce rapid and accurate results. 

2.4 System Configuration 

Microscopical Determination of air content of concrete was done using Image 

Analysis. The setup in this system consisted of : 

(1) Computer PC/AT 

(2) Microscope 

(3) TV Camera along with the monitor and amplifier 

(4) Two-Phase Motor 

Details pertaining to the above mentioned components are given in Chapter 

3. The concrete slice to be analyzed is placed under the microscope. The Image 

Analyzing software captures and digitizes the magnified image of the slice through 

the camera which is attached to the microscope assembly. The digitized image 

is then sent to the computer as input. FORTRAN programs MAIN.FOR, COM-

PACT.FOR, COMBIN.FOR, and FINAL.FOR take this input and perform the 

required operations to give the required parameters of air content of the sample to 

be analyzed. A two phase motor system moves the slice according to the depth of 

the microscope objective lens frame. In this way, the entire slice is analyzed frame 

by frame. The configuration of this setup is shown in Fig 2.1 

2.5 Image Processing on P.C.s 

For Image Processing on a P.C., a software "DT-IRIS" version 1.04 was used. 

This software was installed into the PC/AT to be used in conjunction with the 
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Figure 2.1: Configuration of Setup 
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DT2851 board. The DT2851 board is a High Resolution Frame Grabber, i.e. it 

is a 512 x 512 frame grabber designed for use on the IBM PC/AT. (A 512 x 512 

frame consists of 512 x 512 pixels). DT-IRIS consists of subroutine libraries that 

are callable from BASIC, C, FORTRAN and PASCAL and which support all the 

functions of the DT2851 frame grabber [11]. In this thesis FORTRAN(version 5.0) 

was used along with subroutines from DT-IRIS FORTRAN library "ISFORLIB". 

It was found that DT-IRIS was not compatible with earlier versions of FORTRAN. 

Subroutines from DT-IRIS perform the following categories of operations when 

called from FORTRAN programs : 

• Acquisition of video frames into the DT2851 frame grabber frame-store memory 

buffers. 

• Display of the DT2851 frame grabber's frame-store memory buffers. 

• Display and control of a display cursor. 

• Storage and retrieval of images to and from disk files. 

The DT2851 digitizes images with eight bits of resolution (i.e. 28  = 256 level gray 

scale). For more detailed information about DT-IRIS and DT2851 board refer to 

the user manual [21,22]. 

2.6 Methodology 

2.6.1 Methodolgy in Linear Traverse method 

In this method the concrete specimen is cut, and the cut surface is polished 

with the help of finely graded abrasives. The plane, finely ground surface of the 

specimen is then viewed through a stationary microscope and measurements of 

air voids and the related parameters are made manually along parallel equidistant 

traverses [12]. In the Linear Traverse Method, the length of traverse across air voids 
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intercepted by the line of traverse is measured and the air void content is calculated 

by dividing this length of voids intercepted by the total length of traverse. 

Thus the air content is calculated by means of equation (2.1): 

Av EA/ 
A =  

V L 
= (2.1) 

where A is the required air content, Av is the volume of air, V is the volume of the 

sample, Al is the length of air voids intercepted. 

As can be seen from equation (2.1), this method is based on the principle that 

provided the bubbles are randomly arranged, a sufficiently large number of straight 

lines through any given specimen, will encounter a representative sample of the air 

bubbles, and of the total length of the lines, that fraction which is intercepted by 

voids is the same as the volume fraction of air in the sample. 

2.6.2 Point Count Method 

The Point Count Method is based upon statiscal considerations and requires 

a finely ground cross section of the specimen. This method consists of placing 

a rectangular grid on the plane surfae and counting each grid intersection that 

falls within a void. The air content is then calculated by dividing the number of 

intersections that fall within a void by the total number of grid intersections as 

given by equation (2.2): 

St
A = (2.2) 

where A is the reqd air content; St, is the number of points falling within the section 

of air voids; and St  is the total number of grid intersections. 

In practice, a grid is created by means of mechanical stage capable of bilat-

eral stepwise movements, mounted under a fixed binculor microscope. Counting of 
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points is done manually and the stage is shifted by a mechanical gear arrangement 

after each section under the microscope has been analyzed. 

2.6.3 Automated Microscopical Determination of Air Con-
tent 

In this method, the principle of the Linear Traverse Method has been used 

with a few modifications in the setup. Manual Supervision has been eliminated by 

the combined use of an Image Analyzing Software - DT-IRIS and a two phase motor 

attached to the stage of the microscope and operated by a software - MSTEP-5. 

2.7 Image Analysis for Determination of Air Con- 
tent 

Entrained air voids can be distinguished from the concrete matrix because 

of the difference in depth between the air voids and the matrix and the fact that 

air voids are generally less than lmm in size and are spherical. It is easy for the 

human eye to distinguish them with the help of a microscope but for the computer, a 

difference in mathematical values has to exist along with a threshhold by which to be 

able to make a differentiation. This is exactly what is achieved by Image Processing. 

Each point in the image is given a value known as a pixel value depending upon 

the color intensity of that point. If a contrast can be created between the concrete 

matrix and the air voids, the contrast would result in a marked difference in pixel 

values. 

This contrast is created in concrete by blackening the concrete surface and 

filling all the air voids with a white powder (figure 2.2.). Thus ideally an air void in 

the image has a pixel value of 255 and the concrete matrix ideally has a pixel value 
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of zero. But the concrete matrix is not completely black because of two reasons : 

• The marker ink used may not be completely black, i.e it may have a dark blue 

tinge. 

• The concrete matrix has traces of the white powder used to fill the air voids. 

Therefore the pixel value of the concrete is generally around 100. 

Similarly the air voids may not be completely white because the white powder used 

to fill them may not be truly white but may have a yellowish tinge. 

Hence a threshold pixel value of 240 is set and any point having a pixel value 

above 240 is considered as an air bubble and correspondingly any value below 240 

is considered as concrete. Figure 2.3 shows the pixel values of points as the line 

of traverse cross a bubble. This effectively demonstrates the reason for choosing a 

value of 240 as as a threshold. 

2.8 Motor operating Software 

The stage of the microscope is attached to a 2 phase motor operated by the 

software - MSTEP-5 made by Keithley Metrabyte. Metrabyte's MSTEP-5 is a plug 

in 2 axis stepper motor and incremental shaft encoder motion control board for the 

IBM PC/AT. The board is 12 inches long and requires a full length expansion slot 

in the computer. All communication with the MSTEP-5 is via I/O ports. The base 

I/O address for this board can be selected on a dipswitch and can be anywhere in 

the range 0 to 3F8 (hex). In this setup the base address was selected as &H330 or 

816 (Dec). 

This utility software is provided with a Microsoft Basic callable driver 

(MSTEP.BIN) for the control of the basic stepper and encoder functions. MSTEP.BIN 

contains functions that can be called from simple Basic programs to operate the 
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Figure 2.2: Diagram showing white air voids against the black concrete matrix 
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Figure 2.3: Graph of pixel points versus pixel values when the line of traverse crosses 
an air void 
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motor. A comprehensive demonstration program (DEMO.EXE) is also provided 

with options of all types of motor operations [23] 

2.9 Explanation of Programs used 

The process of digitizing the image (i.e. giving pixel values to each point of 

the image) is accomplished by calling subroutines from the DT-IRIS library. This 

process of calling the subroutines, analyzing the pixel values, recognizing the air 

voids and calculating the resultant parameters is done by a FORTRAN program 

MAIN1.FOR. This program calls subroutines from ISFORLIB.LIB which acquire 

an image, and digitize it. The program then analyzes the acquired data in order to 

calculate the total length of the air voids, the number of air voids, the number of 

chords in between the air voids in one frame (portion of the slice in view under the 

microscope) and stores this information in 3 files. One of which is Bl.DAT which 

contains this information in a form which can be accessed by the computer(i.e. in 

two columns of data - one column containing the pixel number and the other con-

taining the pixel values), the second file, BB1.DAT contains calculated data (i.e. 

bubble numbers, bubble size and the length of chord between the bubbles encoun-

tered in one frame) which can be read by the user, and the third file, GP1.DAT 

contains only the bubble sizes along with the number of voids of that size in two 

columns (This file is used for plotting the graph of "Bubble Size Vs Bubble Count"). 

ASTM C-457 specifies that for the determination of air void parameters the 

total length of traverse should be minimum 100 inches with a concrete of maximum 

aggregate size of 1.5 inches. ASTM C-457 also specifies that the sample of the 

concrete to be analyzed should be obtained from at least three locations in the 

body of the concrete to ensure proper representation of the concrete sample. It 
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further states that best results are obtained if the selected traverse length is spread 

over the maximum of available prepared surface of concrete so as to compensate 

to the fullest degree for the heterogeneity of concrete. Hence to cover the required 

length of 100 inches, five slices of concrete were chosen from the top of the sample 

and each slice was so divided as to provide traverses of uniform length and a total 

traverse length of about 100 inches (figure 2.5). 

Therefore an approximate distance of 20.57 inches was covered in each slice 

along equidistant traverses quarter of an inch apart. This 20.57 inches length is 

covered by four runs each of two batch programs : IMAGE.BAT and IMAGE2.BAT. 

These two programs are used alternately depending upon the direction in which the 

stage of the microscope has to be moved. 

IMAGE.BAT runs the progams MAIN.EXE and BASICA MOTOR succe-

sively thirteen times (see figure 2.5.) Program (MAIN.FOR) analyzes one frame of 

512 pixels. Similar programs, thirteen of them(MAINLFOR through MAIN13.FOR) 

perform identical tasks except that they create files with different names for the 

storage of data. After analysis of each frame, the BASIC program MOTOR which 

operates the two phase motor using functions from the software MSTEP-5 moves 

the stage so that the next frame comes into focus. The MSTEP-5 software also 

contains a demonstration program DEMO.EXE by which the stage can be brought 

to an extreme side before the start of the experiment. 

After MAIN has been executed thirteen times, the batch program runs an-

other program COMPACT which consolidates the results of these thirteen programs 

and gives the final result in 2 files : BBBB1.DAT and RUN1.DAT. 

The batch program has to be executed eight times per slice. At the end of 

the eighth run the program COMBIN has to be executed. This program computes 

all the air content parameters of one particular slice.The total length of traverse in 
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Figure 2.4: Diagram showing lengths of traverse on a single slice 
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a slice is thus 20.57 inches. Five such slices have to analyzed before the required 

length of 100 inches is covered. The program FINAL gives the final result, that is 

the resultant of the five slices. 

See Appendix C for Program listings. 
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Figure 2.5: Flow Chart of the batch program IMAGE 
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Chapter 3 

Experiments 

3.1 Testing Program 

Air Content in concrete and mortar was controlled by using an air entraining 

admixture known as MBVR manufactured by Master Builders. By varying the 

amount of MBVR added to each mix, a range of mixes with varying percentages of 

air were obtained. The air content was determined in the fresh as well as hardened 

state [24]. 

3.2 Air Content Measurements in Fresh Concrete 

Two different devices were used to determine the percent of entrained air in 

fresh concrete: 

• Precision Air Entrainment Meter (Model CT 126-A, manufactured by Soiltest) 

also known as the Pressure Meter. 

• Fiber Optic System [23] 

Four samples of concrete and five samples of mortar were tested with varying 
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amounts of AEA. The mix designs for concrete and mortar and the amount of AEA 

added for each sample are summarised in Table 3.1. 

Specimen 

Type 

Mix 

Oml 2m1 

AEA 

5.5m1 10m1 15m1 

Concrete 1:2.1:3.4:0.5 1 1 1 1 - 

Mortar 1:2.1:1 1 1 1 1 1 

____ 

Table 3.1 Experimental Program 

In the Fiber Optic System, the syringe needle probe was moved around the 

large aggregate particles in the concrete. Ten readings were taken for each sample 

and the average of these ten results was used for comparison with each one of the 

values obtained by the Pressure Meter. Experimental results thus obtained are 

listed in Tables 4.1 to 4.10 

Comparison of results obtained by the Pressure Meter and the fiber Optic 

system indicate a good degree of correlation in between the two techniques. 

3.3 Measurement Technique in Hardened Con-
crete 

3.3.1 Description of Testing Apparatus 

The testing apparatus consists of four main parts. They are as follows: 

(1) The Computer IBM PC/AT with 640k RAM : 
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(2) The Microscope (by Edmund Scientific Co.) The microscope has three levels 

of resolution : 40X, 60X and 100X. In this research a magnification of 40X 

was used. The ASTM C-457 specifies that the resolution of the microscope 

in the microscopical determination of air content and the related parameters 

should be such that smallest bubble distinguishable should be 20 microns. It 

was found that with a resolution of 40X the smallest bubble which could be 

distinguished was 10 microns. Hence a resolution of 40X was sufficient. The 

stage of the microscope is altered such that it can be moved along two rails 

in two directions by a two phase motor. 

(3) The two phase motor (by Keithley Metrabyte): This motor is connected to 

the computer and the power supply and can be operated by the software 

- MSTEP-5. The software MSTEP-5 is a plug-in two axis stepper motor 

and incremental board for the IBM PC/AT. This software is provided with a 

Microsoft Basic callable driver named MSTEP.BIN which contains functions 

which are callable from simple Basic programs to operate the motor. 

(4) The TV Camera and monitor(Hamamatsu) 

(5) The amplifier (Ikegami) 

A high speed analog-to-digital converter converts the video signal from the 

TV camera to yield a digital picture made up of 512 x 512 pixels of 8 bits. This 

digital picture is stored in a digital frame memory. The digital image data to be 

analyzed are transferred from the digital frame memory to the computer by direct 

memory access. The final required result is obtained after this data is utilized by a 

series of programs as explained earlier in chapter 2. The configuration of this setup 

is shown in figures 3.1 and 3.2. 
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Figure 3.1: Schematic Diagram of the experimental Setup 
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Figure 3.2: Photograph of the experimental Setup 
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3.4 Calibration of pixel length and motor 

3.4.1 Determination of Spatial Resolution of a Pixel 

The size of the physical area represented by a pixel is called the spatial resolu-

tion of the pixel. That is, the actual size of an object seen on the screen through the 

microscope can be calculated by multiplying the length in pixels by this resolution 

factor. 

The principle used in the determination of the Spatial Resolution of a pixel 

is that the microscope lens has a constant focal length. That is, when any object is 

focused under the microscope it is at a fixed distance from the lens. 

The length of a pixel was calibrated using an accurately grauduated metallic 

vernier calliper. The graduated surface of the calliper was cleaned thoroughly with 

alcohol. Chalk was rubbed on the graduated surface so as to fill the graduations 

with chalk powder. Excess chalk was flicked off from the surface and the surface 

was wiped with a wet cotton swab. This surface of the calliper was then observed 

under the microscope and the program MAIN1.EXE was executed. The difference 

in the number of pixels between two consecutive divisions of the calliper was then 

noted and the spatial resolution of a pixel was calculated by dividing this difference 

by 0.025 inches which is the difference between two consecutive divisions of the 

callipers. These measurements were repeated a few times for accuracy and the 

average result was adopted. 

63.666 pixels = 0.025" (3.1) 

Therefore, 

1 pixel = 0.00039267" = 3.9267 x 10-4 " (3.2) 
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Or 

1 pixel = 0.0099738 mm = 9.9738 x 10-3  mm (3.3) 

or in terms of microns, 

1 pixel = 9.9738 microns (3.4) 

3.4.2 Calibration of the motor 

The number of cycles run by the motor has to be converted into the actual distance 

travelled by the stage of the microscope. 

This was accomplished by trial runs of the motor with the vernier callipers 

in focus under the microscope. The number of steps needed to cross one division of 

0.025 inches was obtained and with the help of this number, the number of steps 

needed to cross exactly one screen of 512 pixels was calculated. 

0.025" = 108.75 steps (3.5) 

The microscope stage is required to move by one frame, that is, 

1 frame = 512 pixels x 0.00039267 = 0.2" (3.6) 

Therefore, 

0.2" = 870 steps 

Therefore 870 steps are required to move the microscope stage by one frame. 

3.5 Experimental Progam 

3.5.1 Preparation of Sample 

Concrete to be tested is cast into a mould of size 4 x 4 x 12 inches (fig 3.4). 

After demoulding the concrete is cured for two to three weeks before slicing. The 
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concrete is then cut with a diamond saw into slices of equal thickness. Five slices are 

cut from the top to the middle portion of the sample (fig 3.4). The top 1 inch of the 

specimen is not used for analysis as this portion contains a lot of entrapped bubbles 

which rise up from the deeper portions of the concrete during vibration. The slices 

to be analysed are polished with succesively finer grinding sheets begining with the 

grit no: 100 and going on upto grit no: 550. During polishing care should be taken 

so that existing air voids do not get destroyed due to the fine dust which comes 

out during polishing. For this, the surface to be polished should be cleaned with 

a fine brush after every few minutes during polishing. This process of polishing is 

called "lapping" and is a very significant step in the microscopical determination of 

air voids [25,26]. The purpose of lapping is to make the air void edges sharp and 

distinct. The concrete should be properly cured prior to the lapping process since 

surface defects are numerous when the paste is too weak. It is therefore a good 

practice to saw concrete slices and cure them for a few days before lapping [25]. 

After the slice is polished, the surface to be tested is cleaned with a very fine spray 

of water to remove any dust which may have accumulated in the air voids. The 

slice is then kept aside to dry. 

Usually a ground surface of a concrete specimen contains components 

of nearly all shades of colour and brightness. This makes it impossible to assign a 

category of contrast positively to the air-void system. An analysis of the system 

suggested that it would be preferrable to remove all natural contrasts by painting 

the surface black and then to create contrasts at the sites of air voids by filling them 

with a white powder [25]. 

The concrete specimen is examined methodically along parallel, equidistant 

traverses. These traveres are one-fourth of an inch apart. This distance between the 

traverses is maintained by metallic spacers one-fourth by one-fourth inch in cross 
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Figure 3.3: Diagram showing specimen with slices marking 
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section and four inches long. A sample prepared for analysis consists of 5 slabs to 

ensure adequate sampling throughout the thickness of the specimen. It has been 

shown by several researchers a total traverse length of 100 inches was sufficient to 

obtain results with a standard error of less than 0.4 % [12,13]. Brown and Pierson 

have shown this length of traverse is adequte to establish the air content of concrete 

containing aggregate as coarse as one and half inches [12]. 

Therefore each slab was so divided so as to provide a uniform length of 20.57 

inches and a total length of above 100 inches. 

3.6 Experimental Procedure 

3.6.1 Determination of Paste Content 

To calculate the paste content of concrete by this method, the following procedure 

is to be followed : 

(1) Blacken only the large aggregate of the polished concrete slice as carefully as 

possible and leave the rest of slice as is (fig 3.5). 

(2) Switch on the computer, amplifier, and the monitor two to three hours prior 

to actually starting the experiment. After switching on the amplifier, it is 

noticed that the image is not steady. In order to obtain a steady image the 

program DISPLAY should be executed. This program can be executed from 

the root directory as well as the directory : IRIS1.04. Focus the slice to be 

viewed by means of the focussing screw to side of the microscope stage. 

(3) After the amplifier and the camera have been on for approximately two 

hours,the gain has to be adjusted to the required level. This can be ac-

complished by means of IRIS-TUTOR. On the c: prompt change directory to 
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Figure 3.4: Diagram showing traverse lengths on each slice 
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IR-TUTOR. Execute the program IR.EXE. After entering the IRIS-TUTOR 

sync external 
clear buffer 1 

type the following commands : acquire 1 frame to buffer 1 
display buffer 1 
place_cursor 

(4) At this point a cursor will be visible on the screen. Move the cursor by means 

of the cursor keys and note the pixel values at the junction of white and black 

points. There should be a distinct difference in the pixel values. The white 

points should have a pixel value well above 240 ( a value of about 250 has 

been found to be satisfactory) and the black points should have a pixel value 

well below 240 (about 100). If this is not so, clear buffer 1, then increase or 

decrease gain and repeat the above procedure to check the pixel values again. 

This process is to be repeated till the required pixel values are obtained. This 

is the optimum level of the gain. 

(6) Make sure that the stage of the microscope is at one of the extreme ends. 

Switch on the power supply for the motor. 

(7) Execute the program PASTE.BAT or PASTE2.BAT depending on the direc-

tion in which the microscope stage has to be moved. The execution of this 

program results in the formation of 13 files (PC1.DAT to PC13.DAT) in the 

directory IM-DATA and one resultant file (PASTEl.DAT) in the directory 

RESULTS. Rename PASTE1.DAT to PASTE2.DAT and delete all the files in 

the directory IM-DATA. These files have to be deleted otherwise the execution 

of the next program will give an error since the next program i.e. PASTE or 

PASTE2 generates files with the same names. 
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Figure 3.5: Diagram showing prepared Concrete surface for determination of paste 
content 
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(8) Repeat step (7) till eight files PASTE2.DAT to PASTE9.DAT are formed. 

Execute the program PUNE.EXE to obtain the cummulative result of Slice 1 

in the file PSLICE1.DAT. Rename PSLICE1.DAT to PSLICE2.DAT to avoid 

any errors or overwriting in the execution of the next program. 

Repeate steps (7) and (8) for four more slices to obtain the final result of all five 

slices in the file PFINAL.DAT. It is to be noted that the above mentioned technique 

only slightly overestimates the paste content since it does not distinguish between 

the fine aggregates and the cement pastes. The percentage error in the paste content 

calculated by the above method was found to be 5.1 %, for which the appropriate 

corrections are given in Appendix A 

3.6.2 Determination of Air Content 

(1) The surface of the slice which has been used for the calculation of paste content 

is then fully blackened with a permanent black ink using a thick marker. At 

this stage white chalk sticks are finely pulverised for the consequent stage of 

specimen preparation. After making sure that the surface has dried properly, 

the crushed chalk is rubbed onto the surface making certain that the chalk 

powder is entering the air voids. The excess chalk is flicked off the surface of 

the slice with the help of a cotton swab. After the chalk powder has settled 

in the voids wipe the surface gently with a damp cotton swab. 

As a result of this procedure a concrete slice is obtained which has a totally 

black surface and air voids which are filled with white chalk powder. See 

Fig 3.6. Thus this contrast of black concrete and white air voids helps in 

distinguishing the edges of the air voids in Image Analysis. 
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(2) Follow steps 2 through 6 from the section 3.6.1 (determination of Paste Con-

tent). 

(3) Execute the program IMAGE.BAT or IMAGE2.BAT depending on the posi-

tion of the stage. The execution of this program results in the formation of 

three sets of data files in the directory IM-DATA and two files in the directory 

RESULTS. One set BBX.DAT consists of thirteen files (X = 1 to 13) formed 

because of execution of the program MAIN.EXE thirteen times in the batch 

file IMAGE. This set of thirteen files BX.dat is then used by the computer 

to form the resultant data file. The second set BBX.DAT consists of thirteen 

files which can be viewed by the user. The third set GPX.DAT consists of 

files which are used to plot the graphs of Bubble Size Vs Bubble Count. The 

two files in the RESULTS directory : BBBB.DAT and RUN.DAT contain the 

resultant of all the individual files. 

(4) Rename all the files in the directory IM-DATA and store them in a floppy disk 

before deleting all files in this directory to avoid the generation of any errors 

or overwriting during the execution of the next batch program. In the direc-

tory RESULTS rename RUN.DAT to RUN2.DAT and rename BBBB.DAT 

to SECT2.DAT. Now the next batch program should be run and the process 

repeated. The programs IMAGE.BAT and IMAGE2.BAT are to be executed 

alternately. 

(5) The data files in the directory IM-DATA should again be renamed and stored 

as before.The RUN.DAT file should now be renamed to RUN3.DAT and 

BBBB.DAT to SECT3.DAT. 
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Figure 3.6: Photograph of prepared slice seen through the microscope with 40X 
magnification for the determination of air content 
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(5) This process should be repeated eight times till RUN2.DAT, RUN3.DAT, 

.., RUN9.DAT and SECT2.DAT, SECT3.DAT, .., SECT9.DAT are formed. 

After these eight sets of files are formed, run the program COMBIN.EXE. This 

results in the formation of two more files : RESULT.DAT and XSLICE.DAT. 

These files contain the resultant data of the entire slice. Rename these files 

to RESULT2.DAT AND XSLICE2.DAT. 

This whole process should be repeated for 4 more slices till the files : RESULT2.DAT, 

RESULT3.DAT, .., RESULT6.DAT are formed. To get the final result of the con-

crete specimen, now run the program FINAL.EXE. The required results can be 

obtained from the file : OUTPUT.DAT. 
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Chapter 4 

Results and Discussion 

4.1 Results for Air Content 

This chapter presents the experimental results, their analysis and a discussion 

of the observed trends. Concrete and mortar samples were tested both in the 

hardened as well as in the fresh state. Experimental program is depicted in Table 

3.1. 

Experiments were carried out on concrete and mortar with varying amounts 

of AEA [10]. It was observed that in any mix, larger amounts of AEA produced 

increased amounts of entrained air. Tables 4.1 through 4.5 list test results obtained 

from air content measurements of fresh mortar. Tables 4.6 through 4.9 depict the 

same for fresh concrete. These samples were then cast into molds to be tested in 

the hardened state. 

Air content of all the samples tested in the fresh and hardened states are 

compared in Table 4.10. These results are further compared in figures 4.1 through 

4.3. Results indicate that an increase in air content is possible by increasing the 

dosage of admixture. Many researchers have shown that this increase depends on 

many characteristics such as the cement type, type of AEA, mixing time, water-

cement ratio etc [17-19]. 
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Results also indicate that, in general, the air content in hardened concrete 

is lower than in fresh Concrete. This can be explained by the fact that some of the 

less stable bubbles are lost during compaction [1,2,17]. 

4.2 Results for other Parameters 

Many parameters other than the total air content such as the Spacing Factor, 

Specific Surface, and Mean Chord Length affect the potential resistance of the 

concrete to freezing and thawing [2,7,13]. The automated microscopical method 

which is developed during the course of this thesis, is capable of computing the 

following parameters : 

(1) Total Air Content of sample 

(2) Total number of Bubbles 

(3) Size of each bubble 

(4) Mean Chord Length 

(5) Specific Surface 

(6) Spacing Factor 

Table 4.11 lists results from calculations of the above mentioned. 

4.3 Size Distribution 

Air content parameters obtained for each slice with a traverse length of 20.57 

inches as well as the cummulative results obtained from five slices representing the 

total values were plotted by a commercially available software (QUATTRO-PRO). 
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Bubble Size Distibution curves were plotted against the number of bubbles. 

Bubble sizes represent dimensions less than a specified value. For instance, 75 

microns, 150 microns etc. These curves were plotted for each slice (traverse length 

= 20.57 inches), as well as for the entire specimen (traverse length = 103 inches). 

Data representing the Bubble Size Grading for the entire specimen were plotted by 

combining and sorting according to the size distribution of data from each slice. 

Fig 4.4 shows the Bubble Size Distribution for the mortar specimen with no 

MBVR (AEA). Figures 4.5 through 4.9 show the Size Distribution for each slice 

(traverse length = 20.57 inches) of the same mortar. Subsequent figures i.e. figures 

4.10 through 4.33 show the Size Distribution of Mortar with MBVR (AEA). 

Figure 4.34 through 4.42 shows the Bubble Size Distributions for the concrete 

specimen with no MBVR (AEA). Figures 4.43 through 4.61 represent the bubble 

Size Distribution for samples of concrete with MBVR(AEA). 

It can be seen that the total number of bubbles are much larger for specimens 

which are air entrained. Also the percentage of small bubbles is greater in the case 

of specimens with MBVR. This is because the air in specimens without an AEA is 

largely entrapped air which consists of large irregular air voids and are formed due to 

insufficient compaction. Air in specimens with AEA consists of small and spherical, 

regularly spaced voids which are stabilized by the AEA. Increasing amounts of AEA 

result in larger number of bubbles, reduced Spacing Factor and larger Specific Area. 

(In our experiments, mortar with 2 ml AEA and mortar with 15 ml AEA did not 

conform to this general rule). Larger Specific Area can be explained by the fact 

that, with an AEA, a larger air content is produced with a lot of small air voids. 

AEA stabilizes smaller bubbles and prevents them from fusing to form larger voids 

thus increasing the number of bubbles and therefore reducing the Spacing Factor 

between the voids. 
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4.4 Comparison between Air Entrainment in Con- 
crete and Mortar 

It is reported by many researchers that the air content in mortar is expected 

to be higher in mortar than in concrete [20]. This is explained by them according 

to the following facts : 

(1) If we consider a sample of concrete having an air content of 7 %, this is 

equivalent to the matrix of the concrete containing about 13 % (since matrix 

of concrete is about 50 % of the total volume of concrete) air by volume, since 

all the volume of air, entrained and entrapped is present only in the matrix 

of the concrete [19]. 

(2) It has been proved that an increase in the water cement ratio leads to greater 

air entrainment along with a decrease in the specific area of bubbles. Since 

mortar has a greater water cement ratio as compared to concrete at a com-

parable state of fiuidity(workablity), it is suggested that mortar would have a 

higher air content but larger bubbles (because of the increase in specific area 

of bubbles) [7]. 

(3) It has frequently been stated that an increase in the sand content results in an 

increase in air entrainment. For example an increase in the sand content by 5 

% will lead to an increase in the air content by 1 to 1.5 %. Mortar certainly 

has a greater sand content than concrete, it is therefore expected that the air 

content in mortar is higher than the air content in concrete. 

Therefore, according to the above mentioned mechanisms, it can be stated 

that the air content in mortar is higher than the air content in concrete for the 

same amount of AEA. Our experiments indicated the same. The specific surface 
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of mortar was also observed to be less than that of concrete thus indicating the 

presence of larger bubbles in mortar . 

File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 3.11 % 
DF11.WK1 3.55 % 
DF12.WK1 3.86 % 
DF13.WK1 1.93 % 
DF14.WK1 2.74 % 4.1 % 
Df15.WK1 2.44 % 
DF16.WK1 2.26 % 
DF17.WK1 2.62 % 
DF18.WK1 * % 

DF19.WK1  * % 

Fiber Optic Average : 3.00 % 

(* In this test only eight tests were carried out by the fiber optic sensor) 

Table 4.1 Mortar with no AEA. Date of test : 3-14-91 

File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 3.66 % 
DF11.WK1 3.51 % 
DF12.WK1 3.89 % 
DF13.WK1 4.01 % 
DF14.WK1 3.53 % 4.1 % 
Df15.WK1 3.33 % 
DF16.WK1 3.30 % 
DF17.WK1 4.18 % 
DF18.WK1 4.08 % 
DF19.WK1 3.85 % 

Fiber Optic Average : 3.73 % 

Table 4.2 Mortar with 2 ml MBVR (AEA) ; Date of test : 3-14-91 

45 



File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 5.03 % 
DF11.WK1 4.99 % 
DF12.WK1 5.22 % 
DF13.WK1 4.47 % 
DF14.WK1 5.95 % 4.60 % 
Df15.WK1 4.76 % 
DF16.WK1 3.79 % 
DF17.WK1 5.25 % 
DF18.WK1 5.75 % 
DF19.WK1 4.19 % 

Fiber Optic Average : 4.96 % 

Table 4.3 Mortar with 5.5 ml MBVR ; Date of test : 3-15-91 

File name _ Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 5.41 % 
DF11.WK1 4.68 % 
DF12.WK1 5.08 % 
DF13.WK1 4.97 % 
DF14.WK1 5.05 % 5.50 % 
Df15.WK1 5.99 % 
DF16.WK1 5.18 % 
DF17.WK1 5.95 % 
DF18.WK1 6.46 % 
DF19.WK1 5.60 % 

Fiber Optic Average : 5.44 % 

Table 4.4 Mortar with 10m1 MBVR ; Date of test : 3-19-91 
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File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 6.10 % 
DF11.WK1 6.16 % 
DF12.WK1 6.22 % 
DF13.WK1 5.78 % 
DF14.WK1 6.86 % 6.00 % 
Df15.WK1 6.35 % 
DF16.WK1 6.34 % 
DF17.WK1 5.02 % 
DF18.WK1 6.84 % 
DF19.WK1 6.33 % 

Fiber Optic Average : 6.20 % 

Table 4.5 Mortar with 15 ml MBVR ; Date of test : 3-20-91 

File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 2.22 % 
DF11.WK1 2.49 % 
DF12.WK1 2.42 % 
DF13.WK1 2.45 % 
DF14.WK1 2.43 % 2.2 % 
Df15.WK1 2.32 % 
DF16.WK1 2.32 % 
DF17.WK1 2.27 % 
DF18.WK1 2.23 % 
DF19.WK1 2.04 % 

Fiber Optic Average : 2.32 % 

Table 4.6 Concrete with no MBVR ; Date of test : 10-5-91 
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2.2) Concrete with 2 ml MBVR (AEA) ; Date of test : 10-16-90 

File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 3.87 % 
DF11.WK1 4.37 % 
DF12.WK1 5.80 % 
DF13.WK1 4.52 % 
DF14.WK1 4.87 % 4.0 % 
Df15.WK1 3.77 % 
DF16.WK1 4.40 % 
DF17.WK1 3.88 % 
DF18.WK1 5.00 % 
DF19.WK1 3.87 % 

Fiber Optic Average : 4.43 % 

File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 4.96 % 
DF11.WK1 5.17 % 
DF12.WK1 6.15 % 
DF13.WK1 5.92 % 
DF14.WK1 5.23 % 5.50 % 
Df15.WK1 6.61 % 
DF16.WK1 5.62 % 
DF17.WK1 7.68 % 
DF18.WK1 7.26 % 
DF19.WK1 5.95 % 

Fiber Optic Average : 6.05 % 

Table 4.8 Concrete with 5.5 ml MBVR ; Date of test : 10-19-91 
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File name Fiber Optic Reading Pressuremeter Reading 
DF10.WK1 4.96 % 
DF11.WK1 5.96 % 
DF12.WK1 5.72 % 
DF13.WK1 5.89 % 
DF14.WK1 4.67 % 6.30 % 
Df15.WK1 4.86 % 
DF16.WK1 5.10 % 
DF17.WK1 6.23 % 
DF18.WK1 6.19 % 
DF19.WK1 5.75 % 

Fiber Optic Average : 5.53 % 

Table 4.9 Concrete with 10 ml MBVR ; Date of test : 10-22-91 

AEA 0 nal 2 ml 5.5m1 10m1 15m1 

Fresh Concrete 
a) Fiber Optic 2.32 % 4.43 % 6.05 % 5.53 % * 

b) Pressure Meter 2.2 % 4.0 % 5.50 % 6.30 % * 

Hardened Concrete 2.06 % 4.4 % 4.28 % 4.96 % * 

Fresh Mortar 
a) Fiber Optic 3.0 % 3.73 % 4.96 % 5.44 % 6.20 % 

b) Pressure Meter 4.1 % 4.1 % 4.6 % 5.5 % 6.00 % 

Hardened Mortar 2.2 % 3.46 % 4.69 % 5.48 % 5.07 % 

Table 4.10 Comparison of Results of Mortar and Concrete in the fresh and 

hardened State 

(* Tests with 15 ml AEA were not conducted for concrete due to lack of time) 
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S. # MBVR 

ml 

Air 
Content 

Specific 
Surface 

rarn2/rnrn3  

Mean Chord 
Length 
mm 

Spacing 
Factor 
mm 

Concrete 

1 0 2.06 * * * 
2 2 4.4 % * * 
3 5.5 4.28 % 762 0.138 0.0046 
4 10 4.96 % 863 0.122 0.0037 

Mortar 

1 0 2.22 % 404 0.260 0.0197 
2 2 3.46 % 783 0.134 0.0081 
3 5.5 4.69 % 563 0.187 0.0093 
4 10 5.48 % 565 0.186 0.0096 
5 15 5.07 % 446 0.236 0.0127 

Table 4.11 Results of other parameters of concrete and mortar 

(* At the time these tests were conducted the system was not developed enough so 

as to be able to calculate these parameters.) 
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Figure 4.1: Graph showing results of mortar in the hardened state and in the fresh 
state (Fiber Optic and Pressure Meter results) 
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Figure 4.2: Graph showing results of concrete in the fresh and hardened state 
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Figure 4.3: Graph showing air contents of concrete and mortar with different 
amounts of AEA 
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Figure 4.4: Graph showing the Bubble Size Distribution for mortar with no AEA 
(traverse length = 103 inches) 
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Figure 4.5: Graph showing the Bubble Size Distribution for Slice # 1 of the mortar 
specimen with no AEA (traverse length = 20.57 inches) 
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Figure 4.6: Graph showing the Bubble Size Distribution for Slice # 2 of the mortar 
specimen with no AEA (traverse length = 20.57 inches) 
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Figure 4.7: Graph showing the Bubble Size Distribution for Slice # 3 of the mortar 
specimen with no AEA (traverse length = 20.57 inches) 
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Figure 4.8: Graph showing the Bubble Size Distribution for Slice # 4 of the mortar 
specimen with no .AEA (traverse length = 20.57 inches) 
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Figure 4.9: Graph showing the Bubble Size Distribution for Slice # 5 of the mortar 
specimen with no AEA (traverse length = 20.57 inches) 
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Figure 4.10: Graph showing the Bubble Size Distribution for mortar with 2 ml AEA 
(traverse length = 103 inches) 
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Figure 4.11: Graph showing the Bubble Size Distribution for Slice # 1 of the mortar 
specimen with 2 ml AEA (traverse length = 20.57 inches) 
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Figure 4.12: Graph showing the Bubble Size Distribution for Slice # 2 of the mortar 
specimen with 2 ml AEA (traverse length = 20.57 inches) 
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Figure 4.13: Graph showing the Bubble Size Distribution for Slice # 3 of the mortar 
specimen with 2 ml AEA (traverse length = 20.57 inches) 
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Figure 4.14: Graph showing the Bubble Size Distribution for Slice # 4 of the mortar 
specimen with 2 ml AEA (traverse length ---= 20.57 inches) 
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Figure 4.15: Graph showing the Bubble Size Distribution for Slice 5 of the mortar 
specimen with 2 ml AEA (traverse length = 20.57 inches) 
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Figure 4.16: Graph showing Bubble Size Distribution for mortar with 5.5 ml AEA 
(traverse length = 103 inches) 
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Figure 4.17: Graph showing Bubble Size Distribution for Slice # 1 of mortar with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.18: Graph showing Bubble Size Distribution for Slice 2 of mortar with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.19: Graph showing Bubble Size Distribution for Slice # 3 of mortar with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.20: Graph showing Bubble Size Distribution for Slice # 4 of mortar with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.21: Graph showing Bubble Size Distribution for Slice # 5 of mortar with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.22: Graph showing Bubble Size Distribution for mortar with 10 ml AEA 
(traverse length = 103 inches) 
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Figure 4.23: Graph showing Bubble Size Distribution for Slice # 1 of mortar with 
10 ml AEA (traverse length = 20.57 inches) 
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Figure 4.24: Graph showing Bubble Size Distribution for Slice # 2 of mortar with 
10 ml AEA (traverse length = 20.57 inches) 
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Figure 4.25: Graph showing Bubble Size Distribution for Slice # 3 of mortar with 
10 ml AEA (traverse length = 20.57 inches) 
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Figure 4.26: Graph showing Bubble Size Distribution for Slice # 4 of mortar with 
10 ml AEA (traverse length = 20.57 inches) 
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Figure 4.27: Graph showing Bubble Size Distribution for Slice # 5 of mortar with 
10 ml AEA (traverse length = 20.57 inches) 
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Figure 4.28: Graph showing Bubble Size Distribution for mortar with 15 ml AEA 
(traverse length = 103 inches) 
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Figure 4.29: Graph showing Bubble Size Distribution for Slice # 1 of mortar with 
15 ml AEA (traverse length = 20.57 inches) 
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Figure 4.30: Graph showing Bubble Size Distribution for Slice # 2 of mortar with 
15 ml AEA (traverse length = 20.57 inches) 
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Figure 4.31: Graph showing Bubble Size Distribution for Slice # 3 of mortar with 
15 ml AEA (traverse length = 20.57 inches) 
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Figure 4.32: Graph showing Bubble Size Distribution for Slice # 4 of mortar with 
15 ml AEA (traverse length = 20.57 inches) 
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Figure 4.33: Graph showing Bubble Size Distribution for Slice # 5 of mortar with 
15 ml AEA (traverse length = 20.57 inches) 
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Figure 4.34: Graph showing Bubble Size Distribution for concrete with no AEA 
(traverse length = 100.5 inches) 
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Figure 4.35: Graph showing Bubble Size Distribution for Slice # 1 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.36: Graph showing Bubble Size Distribution for Slice 2 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.37: Graph showing Bubble Size Distribution for Slice # 3 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.38: Graph showing Bubble Size Distribution for Slice # 4 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.39: Graph showing Bubble Size Distribution for Slice # 5 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.40: Graph showing Bubble Size Distribution for Slice # 6 of concrete with 
no AEA (traverse length -= 13.96 inches) 
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Figure 4.41: Graph showing Bubble Size Distribution for Slice # 7 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.42: Graph showing Bubble Size Distribution for Slice # 8 of concrete with 
no AEA (traverse length = 13.96 inches) 
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Figure 4.43: Graph showing Bubble Size Distribution for concrete with 2 ml AEA 
(traverse length = 100.5 inches) 
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Figure 4.44: Graph showing Bubble Size Distribution for Slice # 1 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 
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Figure 4.45: Graph showing Bubble Size Distribution for Slice # 2 of concrete with 
2 ml AEA (traverse length =--- 13.96 inches) 
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Figure 4.46: Graph showing Bubble Size Distribution for Slice # 3 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 
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Figure 4.47: Graph showing Bubble Size Distribution for Slice # 4 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 

97 



Figure 4.48: Graph showing Bubble Size Distribution for Slice i?L 5 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 
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Figure 4.49: Graph showing Bubble Size Distribution for Slice # 6 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 
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Figure 4.50: Graph showing Bubble Size Distribution for Slice # 7 of concrete with 
2 ml AEA (traverse length # 13.96 inches) 
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Figure 4.51: Graph showing Bubble Size Distribution for Slice # 8 of concrete with 
2 ml AEA (traverse length = 13.96 inches) 
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Figure 4.52: Graph showing Bubble Size Distribution for concrete with 5.5 AEA 
(traverse length = 103 inches) 
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Figure 4.53: Graph showing Bubble Size Distribution for Slice # 1 of concrete with 
5.5 AEA (traverse length = 20.57 inches) 
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Figure 4.54: Graph showing Bubble Size Distribution for Slice # 2 of concrete with 
5.5 AEA (traverse length = 20.57 inches) 
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Figure 4.55: Graph showing Bubble Size Distribution for Slice # 3 of concrete with 
5.5 AEA (traverse length = 20.57 inches) 
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Figure 4.56: Graph showing Bubble Size Distribution for Slice # 4 of concrete with 
5.5 ml AEA (traverse length = 20.57 inches) 
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Figure 4.57: Graph showing Bubble Size Distribution for Slice # 5 of concrete with 
5.5 AEA (traverse length = 20.57 inches) 
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Figure 4.58: Graph showing Bubble Size Distribution for concrete with 10 AEA 
(traverse length =--- 103 inches) 
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Figure 4.59: Graph showing Bubble Size Distribution for Slice # 1 of concrete with 
10 AEA (traverse length = 20.57 inches) 
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Figure 4.60: Graph showing Bubble Size Distribution for Slice # 2 of concrete with 
10 AEA (traverse length = 20.57 inches) 
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Figure 4.61: Graph showing Bubble Size Distribution for Slice # 3 of concrete with 
10 AEA (traverse length = 20.57 inches) 
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Figure 4.62: Graph showing Bubble Size Distribution for Slice # 4 of concrete with 
10 AEA (traverse length = 20.57 inches) 
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Figure 4.63: Graph showing Bubble Size Distribution for Slice # 5 of concrete with 
10 AEA (traverse length = 20.57 inches) 
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Chapter 5 

Concluding Remarks 

5.1 Conclusions 

Based on the results obtained in this investigation, the following con-

clusions can be drawn : 

(1) The automated system which was developed and tested in this thesis, is reli-

able and worth further usage. 

(2) Larger amounts of AEA produce larger amounts of entrained air. 

(3) Increasing amounts of AEA result in larger number of bubbles, reduced Spac-

ing Factor, and larger Specific Area. 

(4) The air content in mortar is higher than the air content in concrete for the 

same amount of AEA. 

(5) The Specific Surface Area of voids in Mortar is less than that of voids in 

concrete thus indicating the presence of larger voids in mortar. 
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5.2 Future Research 

The automated system developed is new and requires further research. 

Possible future research could involve : 

(1) This system could be further developed so that the result could be obtained 

with fewer runs of the batch program. This would reduce further the time 

required to calculate the air content and required parameters. 

(2) A better Image Processing software could be tried which could also detect 

the shape of the void thus differentiating between giving the percentage of 

entrapped and entrained air. 
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Appendix B 

Results of Experiments 
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Appendix C 

Program Listings 
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cd\iris1.04 
display.exe 
main1.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main2.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main3.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main4.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main5.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main6.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main7.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main8.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main9.exe 
cd\mstep-5 



basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main10.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
mainll.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main12.exe 
cd\mstep-5 
basica mtr2 
cd\bin 
FL /c c:\iris1.04\combin.for  
cd\iris1.04 
display.exe 
main13.exe 
compact.exe 
cd\ 
xtree 









STOP 
END 
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