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ABSTRACT  
 

The Department of Civil Engineering at SIUC completed two research projects involving 
utilization of Illinois PCC bottom ash in construction of drilled shaft foundations and pre-
cast concrete pile foundations. Test results from these projects showed that the 
performance of drilled shafts and piles made with Illinois bottom ash was similar to those 
made with conventional concrete. However, there was a concern about durability of the 
concrete composites developed during the previous study. Therefore, the objective of this 
study was to develop additional data related to durability of concrete composites used to 
construct drilled shafts and precast concrete piles. A series of air-void structure tests and 
two sets of rapid freeze-thaw tests were performed on the concrete composites. The 
results from first set of air-void structure tests showed that the concrete composites 
having Illinois PCC bottom ash lost significant portion of the entrained air during 
hardening. The first set of rapid freeze-thaw tests showed that the performance of 
concrete composites was not acceptable. The primary reason for this performance was 
believed to be the loss of air content and unsatisfactory air-void structure. Therefore, it 
was decided to further investigate this issue. Results obtained after changing the mixing 
procedure and air entraining agent show that the freeze-thaw characteristics of the 
concrete composites improved. Results are presented to show the performance of all 
concretes tested. 



 

 

EXECUTIVE SUMMARY 
 
The objective of the proposed project was to develop scientific data to evaluate the 
durability of concrete composites made with Illinois PCC dry bottom ash. To achieve the 
intended objectives, laboratory tests were performed on samples of concrete composites 
and reference conventional concrete mixtures. Laboratory tests on samples included 
compression, split tension, air-void structure analysis, and rapid freeze-thaw.  
 

 
LABORATORY TESTING ON CONCRETE COMPOSITES 

Based on two previous studies performed at Southern Illinois University – Carbondale 
(SIUC), four concrete composites and two conventional concretes were selected to 
conduct air-void structure and freeze-thaw tests. Table 1 shows the mix designations with 
percent of different matrix constituents used to prepare the composites. The mixture 
designations that start with letter ‘P’ refer to mixtures which were used for construction 
of precast concrete piles and the mixture designations that start with letter ‘D’ refer to 
mixtures which were used for construction of drilled shafts. The water-cement ratio (w/c) 
of all mixture designations that start with D was kept constant at 0.45 whereas the w/c for 
all mixtures that starts with P was kept constant at 0.375. The slump for all the mixtures 
was maintained between 3 and 4 inches.   
 
Table 1:  Mixture Constituents 

 
Mixture 

Designation 

Binders  
(%) 

Fine Aggregates 
 (%) 

 
Remarks 

Portland 
Cement 

PCC Fly 
Ash 

PCC Dry 
Bottom Ash 

Natural Sand 

DCM 100 0 0 100 Control Mix 
DB50 100 0 50 50  

DB100 100 0 100 0  
PCM 100 0 0 100 Control Mix 
PB50 100 0 50 50  

PB100 100 0 100 0  
 
Summary of laboratory test results is presented in this section. Tests were performed in 
two sets. In the first set, the samples were prepared and tested to measure strength, air-
void, and freeze-thaw characteristics. However, it was observed that the mixtures lost 
most of the air entrained after hardening. Consequently, rapid freeze-thaw characteristics 
of the concrete composites were observed to be unsatisfactory. Therefore, after several 
trials and with different air entraining agent, set 2 samples were prepared and tested to 
measure strength, air-void, and free-thaw characteristics. 
 

 
Summary of Results for Set 1 Samples 

Task 1 – Fresh Properties and Strength Testing 
 
Task 1 consisted of performing fresh properties test and strength tests. For every mixture 
fresh property measured was slump. The slump of all the mixtures was maintained 
between 3 and 4 inches. Compressive and splitting-tensile strengths of the samples were 



 
 

 

 

measured after 28 days of curing. Figure 1 shows the compressive strength of concrete 
composites and control mixtures (PCM and DCM) after 28 days of curing.  
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Figure 1. Compressive strength of concrete composites after 28 days of curing (Set 1) 

 
Figure 1 shows that the compressive strength of concrete composites made using Illinois 
Bottom ash is slightly lower than the compressive strengths of equivalent control 
mixtures (PCM and DCM). This observation is consistent with the observations made in 
previous studies where compressive strength of concrete composites after 28 days of 
curing was lower than that of equivalent conventional concretes. As discussed in the next 
section, the samples made during this set lost their air content after hardening. Therefore, 
further strength testing was not accomplished on these mixtures.    
 
Task 2 – Freeze-Thaw and Air-Void Structure Tests 
 
Task 2 of the project consisted of performing air-void structure and freeze-thaw tests. The 
samples prepared during Set 1 were tested to determine air-void of hardened concretes 
and rapid freeze-thaw characteristics. Table 2 shows the air-content of fresh and hardened 
samples.   
 
Table 2. Fresh and Hardened Air Contents (Set 1) 

Sample DB50 DB100 DCM PB50 PB100 PCM 

 Fresh Air Void Content (%) 4 4.5 6 4.5 4.0 6.5 
 Hardened Air Void Content (%) 1.18 0.67 5.26 2.93 2.53 5.02 

 Air Void / inch 0.67 0.7 7.56 2.27 2.62 7.15 
 
As evident from the results presented in Table 2, the concrete composites having Illinois 
PCC dry bottom ash lost significant portion of the air that was entrained at the time of 
mixing. Although, the reason for this loss is not clear, we believe that physical and 
chemical composition of bottom ash played crucial role in the loss of the entrained air. 
The freeze-thaw tests performed on the samples also showed that all samples of the 



 
 

 

 

concrete composites failed before the test was completed. The primary reason for that is 
the unsatisfactory air-void structure of the samples. Therefore, further study was 
conducted by changing the dose of air-entraining agent, changing the mixing process, and 
changing the air entraining agent. Results obtained during Set 2 testing are shown in the 
next section. 
 

Task 1 – Fresh Properties and Strength Testing 

Summary of Results for Set 2 Samples 
 

 
For samples prepared during this set, the slump of all the mixtures was also maintained 
between 3 and 4 inches. Compressive and splitting-tensile strengths of the samples were 
measured after 28 days and 90 days of curing. Figure 2 shows the compressive strength 
of concrete composites and conventional concrete after 28 days of curing.  
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Figure 2. Compressive strength of concrete composites after 28 days of curing (Set 2) 

 
Similar to the results obtained from samples tested in Set 1, Figure 2 also shows that the 
compressive strength of concrete composites made using Illinois Bottom ash is slightly 
lower than the compressive strengths of equivalent control mixtures (PCM and DCM). 
However, the compressive strength of concrete composites after 90 days of curing was 
observed to be almost equal to slightly higher than that of the control mixtures.    
 
Task 2 – Freeze-Thaw and Air-Void Structure Tests 
 
Several samples were prepared for air-void structure tests. A synthetic air entraining 
agent was also used. The test results showed no significant change in the air content due 
to change in the air entraining agent. Therefore, the air entraining agent used during Set 1 
(Daravair) was used for Set 2 samples. However, change in the mixing procedure and 
increase in the dose of the entraining agent helped in maintaining some air in the samples. 
The freeze-thaw tests performed on the samples prepared during this set are shown in 
Table 3.  



 
 

 

 

Table 3. Freeze-Thaw Test Results (Set 2) 

Cycles 
Completed Type of Test 

DCM DB50 DB100 PCM PB50 PB100 

15.9 lb 16.08 lb 16.18 lb 16.58 lb 15.78 lb 16.16 lb 
  Wt Loss, % -0.2 -0.008 -0.03 -0.008 -0.03 -0.007 

37 Length, % 0.001 0.005 0.004 0 0.001 0.001 
  RDM, % 100 100 98 100 100 99 

  Wt Loss, % 0.009 0 0.02 0.007 0.004 0.019 
72 Length, % 0.007 0.004 0.025 0.009 0.007 0.029 
  RDM, % 98 95 96 98 99 94 

  Wt Loss, % 0.015 0.007 0.093 0.01 0.009 0.079 
109 Length, % 0.01 0.03 0.068 0.012 0.009 0.069 

  RDM, % 96 91 85 98 99 87 

  Wt Loss, % 0.029 0.05 0.176 0.014 0.013 0.135 

150 Length, % 0.012 0.069 0.139 0.018 0.02 0.117 

  RDM, % 94 88 78 98 98 84 

  Wt Loss, % 0.044 0.101 0.982 0.019 0.021 0.562 

192 Length, % 0.012 0.083 0.172 0.018 0.026 0.164 

  RDM, % 92 85 64 96 96 77 

  Wt Loss, % 0.062 0.143 9.13 0.031 0.049 3.01 

241 Length, % 0.048 0.096 ** 0.026 0.036 0.196 

  RDM, % 86 79 ** 96 94 65 

  Wt Loss, % 0.094 0.19  0.057 0.062  

279 Length, % 0.065 0.1  0.033 0.051  

  RDM, % 81 73  93 90  

  Wt Loss, % 0.126 0.211  0.095 0.092  

300 Length, % 0.094 0.139  0.044 0.062   

  RDM, % 78 65  90 87   

** Could not test 
 
As shown in Table 3, the samples prepared with 50 percent bottom ash performed 
satisfactorily whereas the samples prepared with 100 percent bottom ash failed after 
approximately 240 cycles of rapid freezing and thawing. The primary reason for failure 
of DB100 and PB100 mixtures is unsatisfactory air-void structure of the samples.
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OBJECTIVES 
 
The objective of the proposed project was to evaluate the freeze-thaw characteristics of 
the selected concrete composites made with Illinois PCC dry bottom ash and 
conventional concrete. The objective was accomplished by performing series of air-void 
structure tests, two sets of freeze-thaw tests, and strength tests. 
 

INTRODUCTION AND BACKGROUND 
 
The Department of Civil Engineering at SIUC completed two research projects involving 
utilization of Illinois PCC bottom ash in construction of drilled shaft foundations and pre-
cast concrete pile foundations. Test results from these projects showed that the 
performance of drilled shafts and piles made with Illinois bottom ash was similar to those 
made with conventional concrete. However, based on our discussions with the industrial 
partners, durability characteristics of the concrete composites in terms of freeze-thaw 
response and air-void structure need further evaluation before the piles can be constructed 
using the concrete composites and marketed for their use on real-world projects.  

 
According to American Concrete Institute (ACI) committee 201, durability of concrete is 
defined as its ability to resist weathering action, chemical attack, abrasion, or any other 
process of deterioration (Mehta and Monteiro 1993, and Neville 1996). One of the 
physical effects that adversely influence the durability of concrete is exposures to 
temperatures extremes such as frost or fire. In cold climates, damage to concrete exposed 
to weather due to frost action (freeze-thaw cycles) is one of the major problems (Mehta 
and Monteiro 1993). The causes of deterioration of hardened concrete by frost action can 
be related to the complex microstructure of the material. 

 
As the temperature of the concrete saturated with water is lowered to below freezing, 
water in the capillary pores of concrete freezes resulting in expansion of concrete. 
Repeated cycles of freezing and thawing cause further expansion of concrete and have a 
cumulative effect. Because the damaging action of freezing and thawing involves 
expansion of water on freezing, it is logical to expect that, if excess water can readily 
escape into the adjacent air-filled voids, damage to concrete will be significantly less 
(Neville 1996). Therefore, air-entraining admixtures are commonly used in concretes, 
which have low water to cement ratio, and are likely to be exposed to severe freeze-thaw 
conditions. 

 
The ability of concrete to resist damage due to frost action is controlled by the interaction 
of several factors, such as: the distance by which the water has to travel for pressure relief 
(commonly referred to as location of escape boundaries); size number and continuity of 
air voids (commonly referred to as air void structure); degree of saturation of concrete, 
rate of cooling, and tensile strength of concrete. Out of the above factors, pore structure 
and escape boundaries are relatively easy to control and provide reasonable resistance to 
the detrimental effects of freezing and thawing. The objective of the proposed project is 
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to evaluate the freeze-thaw characteristics of the concrete composites made with Illinois 
PCC dry bottom ash and conventional concrete.  
  
 

EXPERIMENTAL PROCEDURES 
 
Material Preparation for Laboratory Test 
 
The materials used in this investigation were Type I Portland Cement as binder, crushed 
limestone as a coarse aggregate, natural sand and Illinois PCC dry bottom ash as a fine 
aggregate, and water. 
 
ASTM Type I Portland Cement was purchased from Lonestar made at Greencastle, 
Indiana through Egyptian Concrete Company located in Salem, Illinois. The cement was 
received in standard 94-pound bags. Each cement bag was opened and stored in sealed 
55-gallon plastic drums with polyethylene liner inside. To prevent moisture infiltration, 
the drums containing cement were resealed after each use. 
 
The crushed limestone coarse aggregate was obtained from a Southern Illinois quarry, 
Anna, Illinois. In order to remove the deleterious materials, the coarse aggregate gravels 
were thoroughly washed by using tap water. The washed gravels were then placed on a 
polyethylene sheet on the laboratory floor and air-dried by using rectangular box fans at 
room temperature (77 + 3º F). The coarse aggregates were collected and stored in 55-
gallon steel drums at moisture content of approximately 0.1%. 
 
The natural siliceous fine aggregate was obtained from a Southern Illinois quarry through 
the Illini Ready-Mix Plant, Carbondale. The natural sand was air-dried by using box fans 
at room temperature (77 + 3º F). The dry sand was collected and stored in 55-gallon steel 
drums, after the moisture content reached approximately 0.2%. 
 
PCC dry bottom ash was obtained from City Water Light and Power Company (CWLPC) 
in Springfield, Illinois. The CWLPC uses coal from Elkhart, Illinois coal mine. Prior to 
use, the bottom ash was sieved, using a U.S. standard #4 sieve, and then spread inside the 
plastic tub to be air-dried by using box fans at room temperature (77 + 3º F). The 
moisture content of the bottom ash was monitored daily until it reached 0.7%, after which 
the PCC bottom ash was stored and sealed in 55-gallon plastic drums. The moisture 
content of all raw materials was monitored biweekly except for Portland cement and PCC 
fly ash. 
 
 
Mixing Procedure for Laboratory Tests  (Set 1) 
 
Mixing procedure is an important parameter of sample preparation, if overlooked, it can 
have an adverse affect on the strength and durability of short, and long-term 
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characteristics of concrete. In order to obtain reproducible results, the following mixing 
procedure was adopted: 
 

(1) The absorption capacity and moisture content of the raw materials were 
determined and accounted for in all mixture proportion designs. 

 
(2) The specified quantities of cement, PCC bottom ash, fine and coarse aggregate, 

water, and WRDA 19 were weighed using electronic scale (maximum capacity of 
125 lbs, accurate to 0.02lb). The batch volume of 0.6 cubic feet was used.  

 
(3) An electronically driven counter-clock revolving pan mixer was used for batch 

preparation. The pan was cleaned and dried prior to introduction of the raw 
materials. Mixing was started by placing the coarse aggregate into the rotating 
pan and allowing it to blend with 1/3 of the mix water for a period of 3 minutes. 
Subsequently, fine aggregates were slowly added and blended with another one 
third of the measured mix water, and mixing continued for another 3 minutes. 
Next, the measured cement and the remaining mix water along with the air-
entraining agent were gradually added to the mixer. The mixing process 
continued for an additional 3 minutes to ensure proper blending. 

 
(4) After mixing was completed, the slump test was performed as described by 

ASTM C 143 “Standard Test Method for Slump of Hydraulic Cement Concrete.”  
The matrix used for the slump tests was then placed back into the mixer and 
WRDA 19 was added to increase the slump. The blending was continued for 
another two minutes. The amount of WRDA was selected such that the final 
slump was between 3- and 4-inches. After checking the slump again, matrix used 
for the slump tests was then placed back into the mixer and continued for another 
one minute. 

 
(5) The matrix prepared was used to prepare the samples. 

 
Mixing Procedure for Laboratory Tests  (Set 2) 
 
During preparation of the mixtures for Set 2 tests, the water required to be added to the 
mixture was divided into two portions and the required amount of air entraining agent 
was mixed with one portion of the water. The mixing was started by placing the coarse 
aggregate into the rotating pan and allowing it to blend with 1/2 of the water without 
entraining agent (i.e., ¼th of the total amount of water) for a period of 3 minutes. 
Subsequently, fine aggregates were slowly added and blended with all the water having 
air-entraining agent, and mixing continued for another 3 minutes. Next, the measured 
cement and the remaining water were gradually added to the mixer. After the mixing was 
complete the slump was measured and the samples were prepared. 
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Testing Procedures 
 
Compression Test. The 4 x 8 in (101.6 x 203.2 mm) cylindrical specimens were capped 
with a thin layer of sulfur on both ends, as specified by ASTM C 617  “Standard Practice 
for capping cylindrical concrete specimens.”  The reason for capping was to ensure that 
the ends of the specimen were plane and perpendicular to the axis of loading. To ensure 
the application of uniaxial compression loading, the surfaces of the upper and lower 
platens of the compression machine were cleaned and the specimen was placed on the 
hardened steel surface of the lower platen, aligning the specimen with the center of the 
upper spherically seated platens. Following the specification of ASTM C 39 “Standard 
Test Method for Compressive Strength of Cylindrical Concrete Specimens.”  The load 
was applied continuously at a rate of 22,500 lb/min until failure. 
 
Splitting-Tensile Test. The splitting-tensile test was performed in accordance with ASTM 
C 496 “Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete 
Specimens.”  Prior to testing, each specimen was marked with a center line for accurate 
positioning under center loading. The 4 x 8 inch (101.6 x 203.2 mm) cylindrical 
specimen was placed with axis parallel to the loading platens. Two plywood bearing 
strips 1/8 inches (3.2mm) thick, 1 inch (25.4mm) wide, and 10 inch (254mm) long, were 
placed between the specimen and the upper and lower bearing surfaces. The load was 
applied uniformly, at a constant rate of 7500 lb/min, along the length of the specimen. 
The specimen splits into two halves when failure occurred. The failure load was 
recorded. 
 
Resistance to Freezing and Thawing and Air-Void Structure tests. The freezing-thawing 
and air-void structure tests to examine resistance of concrete composites with respect to 
freezing and thawing were conducted as per the standard procedures given in ASTM C 
666 (Rapid Freezing-Thawing) and ASTM C457 (Air-Void Structure) 
 

 
RESULTS AND DISCUSSION 

 
A total of six Portland cement based composites having different matrix constituents and 
proportions were tested. Mixture designation and percent of different matrix constituents 
used to prepare the composites are presented in Table 1. Tables 3 and 4 provide chemical 
composition and physical properties of Portland cement, respectively. Table 5 provides 
chemical composition of Illinois PCC dry bottom ash and Table 6 provides Physical 
Properties of dry bottom ash, natural siliceous fine aggregate, and limestone coarse 
aggregates. 
  
 



 
 

 

5 

Table 1:  Mixture Constituents (The same as presented in Executive Summary) 
 

Mixture 
Designation 

Binders  
(%) 

Fine Aggregates 
 (%) 

 
Remarks 

Portland 
Cement 

PCC Fly 
Ash 

PCC Dry 
Bottom Ash 

Natural Sand 

DCM 100 0 0 100 Control Mix 
DB50 100 0 50 50  

DB100 100 0 100 0  
PCM 100 0 0 100 Control Mix 
PB50 100 0 50 50  

PB100 100 0 100 0  
                        

Table 3: Chemical Compositions of Portland Cement 
Chemical Compositions Test Results 

(%) 
Standard Limits 
(ASTM C 150) 

Calcium Oxide (CaO) 62.62 None 
Magnesium Oxide (MgO) 1.24 Maximum 6.0% 
Sulfur Trioxide (SO3) 3.32 Maximum 4.5% 
Loss on Ignition (%) 0.95 Maximum 3.0% 
Tricalcium Silicate (C3 56.00 S) None 
Tricalcium Aluminate (C3 10.00 A) Maximum 15.0% 
Insoluble Residues 0.35 Maximum 0.8% 
Total Alkali 0.59 None 

 
Table 4: Physical Properties of Portland Cement 

hysical Properties Test Results Standard Limits  
(ASTM C 150) 

Compressive Strength (psi) 
   3-day 
   7-day 

 
3500  
5060  

 
Minimum 1800 
Minimum 3500 

Surface Area, Blaine (m^2/kg)) 
                       Wagner (m^2/kg) 

342 
192 

Minimum 280 
Minimum 160 

Setting Time, minutes 
   Vicat Initial 
   Vicat Final 

 
N/A 
80 

 
Minimum 45 

Maximum 375 
Autoclave Expansion, % 0.034 Maximum 0.80% 
Air content, % 8.3 Maximum 12% 
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                Table 5: Chemical Properties of Illinois PCC Dry Bottom Ash 

Chemical Composition PCC 
Dry Bottom Ash 

(%) 

Standard Limits 
(ASTM C 618) 

Silicon Dioxide (SiO2) 46.84 --- 
Aluminum Oxide (Al2O3) 14.36 --- 
Iron Oxide (Fe2O3) 18.65 --- 
Total (SiO2 + Al2O3 + Fe2O3) 79.85 50% Min 
Sulfur Trioxide (SO3) 0.33 5.0% Max 
Calcium Oxide (CaO) 7.24 --- 
Magnesium Oxide (MgO) 1.04 --- 
Loss on Ignition 4.21 6% Max 
Free Moisture N/A 3% Max 
Available Alkalies as Na2O 1.73 1.5% Max 
Potassium Oxide (K2O) 1.20 --- 
Others (P2O5, TiO2, and etc.) 2.10 --- 

                 
Table 6:  Physical Properties of Dry Bottom Ash, Natural Siliceous Fine Aggregate, 

and Limestone Coarse Aggregates 
Physical Modulus Fine Aggregate Coarse 

Aggregate 
 

PCC  
  Dry Bottom Ash 

Natural 
Sand 

 

Fineness Modulus 2.67 2.80 6.10 
Specific 
Gravity  

Oven Dry 2.40 2.65 2.64 
Saturated Surface Dry 2.52 2.66 2.67 

Absorption (%) 10.00 0.50 0.75 
Organic Impurities None None --- 
Clay Lump & Friable Particles (%) 9.80 1.75 --- 
Size (inches) 
 

Maximum  --- --- 1 
Maximum Nominal --- --- ¾ 

Rodded Unit 
Weight (pcf) 

Oven Dry --- --- 93.50 
Saturated Surface Dry --- --- 94.20 

Void Ratio (%) --- --- 43.75 
 
 
The mixture designations that start with letter ‘P’ refer to mixtures, which were used for 
construction of precast concrete piles and the mixture designations that start with letter 
‘D’ refer to mixtures, which were used for construction of drilled shafts. The water-
cement ratio (w/c) of all mixture designations that start with D was kept constant at 0.45 
whereas the w/c for all mixtures that starts with P was kept constant at 0.375 and WRDA 
19 was used for mixtures having designations starting with ‘P’ to maintain slump 
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between 3 and 4 inches.  Air entraining agent Deravair was used in all the mixtures, 
except some trials with synthetic air entraining agent. 
 
Tests were performed in two sets. In the first set, the samples were prepared and tested to 
measure strength, air-void, and freeze-thaw characteristics. However, it was observed that 
the mixtures lost most of the air entrained after hardening. Consequently, rapid freeze-
thaw characteristics of the concrete composites were observed to be unsatisfactory. 
Therefore, after several trials and with different air entraining agent, Set 2 samples were 
prepared and tested to measure strength, air-void, and free-thaw characteristics. 
 
Results from Set 1 Samples 
 
Task 1 – Fresh Properties and Strength Testing 
 
Task 1 consisted of performing fresh properties test and strength tests. For every mixture 
fresh property measured was slump. The slump of all the mixtures was maintained 
between 3 and 4 inches. Compressive and splitting-tensile strengths of the samples were 
measured after 28 days of curing. Figure 1 shows the compressive strength of concrete 
composites and conventional concrete after 28 days of curing. Figure 3 shows the 
splitting strength of concrete composites and conventional concrete after 28 days of 
curing. 
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Figure 1. Compressive strength of concrete composites after 28 days of curing (Set 1) 

(The same as presented in Executive Summary) 
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Figure 3. Splitting-tensile strength of concrete composites after 28 days of curing (Set 1) 
 
 
Figures 1 and 3 show that the compressive and splitting-tensile strengths of concrete 
composites made using Illinois Bottom ash is slightly lower than that of equivalent 
control mixtures (PCM and DCM). This observation is consistent with the previous 
studies where compressive and splitting-tensile strengths of concrete composites after 28 
days was lower than that of equivalent conventional concretes.   
 
Task 2 – Freeze-Thaw and Air-Void Structure Tests 
 
Task 2 of the project consisted of performing air-void structure and freeze-thaw tests. The 
samples prepared during Set 1 were tested to determine air-void of hardened concretes 
and rapid freeze-thaw characteristics. Table 1 shows the air-content of fresh and hardened 
samples.   
 
Table 2. Fresh and Hardened Air Contents (Set 1) -The same as presented in 
Executive Summary 

Sample DB50 DB100 DCM PB50 PB100 PCM 

 Fresh Air Void Content (%) 5 4.5 6 5.5 5.5 6.5 
 Hardened Air Void Content (%) 1.18 0.67 5.26 2.93 2.53 5.02 

 Air Void / inch 0.67 0.7 7.56 2.27 2.62 7.15 
 
As evident from the results presented in Table 1, the concrete composites having Illinois 
PCC dry bottom ash lost significant portion of the air that was entrained at the time of 
mixing. Although, the reason for this loss is not clear, we believe that physical and 
chemical composition of bottom ash are playing crucial role in the loss of entrained air.  
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Table 7, presents the freeze thaw test results from the samples prepared during Set 1. The 
freeze-thaw tests performed on the samples also showed that all samples of the concrete 
composite failed before the test was completed. The primary reason for that is the 
unsatisfactory air-void structure of the samples. Therefore, further study was conducted 
by changing the dose of air-entraining agent, changing the mixing process, and changing 
the air entraining agent. Results obtained during Set 2 testing are shown in the next 
section. 
 
Table 7. Freeze-thaw test results (Set 1) 
    Sample 

Cycles 
Completed Type of Test DCM DB50 DB100 PCM PB50 PB100 

  Wt Loss, % -0.16 -0.09 -0.004 0.1 -0.1 -0.08 
32 Length, % 0.0001 0.003 0.01 0 0.001 0 
  RDM, % 100 98 96 100 100 99 

  Wt Loss, % 0.009 0.078 0.092 0.001 0 0 
72 Length, % 0.009 0.017 0.075 0.006 0.006 0.004 
  RDM, % 99 94 86 100 99 98 

  Wt Loss, % 0.006 0.09 0.301 0.004 0.002 0.002 
110 Length, % 0.014 0.028 0.169 0.01 0.013 0.015 

  RDM, % 0.99 88 64 99 98 98 

  Wt Loss, % 0.01 0.163 0.527 0.009 0.008 0.016 

143 Length, % 0.022 0.053 0.223 0.018 0.02 0.025 

  RDM, % 98 80 *** 98 99 96 

  Wt Loss, % 0.013 0.2  0.012 0.017 0.028 

180 Length, % 0.029 0.019  0.02 0.029 0.062 

  RDM, % 96 68  96 94 91 

  Wt Loss, % 0.032 0.623   0.03 0.032 0.106 

219 Length, % 0.036 0.248  0.041 0.082 0.126 

  RDM, % 94 **   94 86 84 

  Wt Loss, % 0.056    0.057 0.014 0.123 

247 Length, % 0.042    0.062 0.104 0.139 

  RDM, % 94    92 80 78 

  Wt Loss, % 0.083       0.134 0.213 

270 Length, % 0.047      0.15 0.163 

  RDM, % 9       74 70 

  Wt Loss, %         0.26 0.278 

302 Length, %       0.168 0.184 

  RDM, %         64 62 
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Results for Set 2 Samples 
 
Task 1 – Fresh Properties and Strength Testing 
 
For samples prepared during this set, the slump of all the mixtures was also maintained 
between 3 and 4 inches. Compressive and splitting-tensile strengths of the samples were 
measured after 28 days and 90 days of curing. Figure 2 shows the compressive strength 
of concrete composites and conventional concrete after 28 days of curing. Figure 4 shows 
the compressive strength of concrete composites and conventional concrete after 90 days 
of curing. Figures 5 and 6 show the splitting-tensile strengths of mixtures after 28 days 
and 90 days of curing, respectively. 
 

5641 5494

4584
4059

3465 3687

0

1000

2000

3000

4000

5000

6000

PCM PB50 PB100 DCM DB50 DB100

C
om

pr
es

si
ve

 S
tre

ng
th

 (p
si

)

 
Figure 2. Compressive strength of concrete composites after 28 days of curing (Set 2) 

(The same as presented in Executive Summary) 
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Figure 4. Compressive strength of concrete composites after 90 days of curing (Set 2) 
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Figure 5. Splitting-tensile strength of concrete composites after 28 days of curing (Set 2) 
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Figure 6. Splitting-tensile strength of concrete composites after 90 days of curing (Set 2) 
 
 
Similar to the results obtained from samples tested in Set 1, Figures 2 and 5 shows that 
the compressive and splitting-tensile strengths of concrete composites made using Illinois 
Bottom ash is slightly lower than those of the equivalent control mixtures (PCM and 
DCM). However, Figures 4 and 6 show that the compressive and splitting-tensile 
strengths of concrete composites after 90 days of curing were either almost equal to 
slightly higher than those of the control mixtures.   These observations are consistent with 
the observations made in the previous studies. 
 
Task 2 – Freeze-Thaw and Air-Void Structure Tests 
 
Several samples were prepared for air-void structure tests. A synthetic air entraining 
agent was also used. The test results showed no significant change in the air content due 
to change in the air entraining agent. Therefore, the air entraining agent used during Set 1 
(Daravair) was used for Set 2 samples. However, change in the mixing procedure and 
increase in the dose of the entraining agent helped in maintaining some air in the samples. 
The freeze-thaw tests performed on the samples prepared during this set are shown in 
Table 2.  
 
Table 2. Freeze-Thaw Test Results (Set 2) – The same as Presented in the Executive 
Summary 

Cycles 
Completed Type of Test 

DCM DB50 DB100 PCM PB50 PB100 

15.9 lb 16.08 lb 16.18 lb 16.58 lb 15.78 lb 16.16 lb 
  Wt Loss, % -0.2 -0.008 -0.03 -0.008 -0.03 -0.007 

37 Length, % 0.001 0.005 0.004 0 0.001 0.001 
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  RDM, % 100 100 98 100 100 99 

  Wt Loss, % 0.009 0 0.02 0.007 0.004 0.019 
72 Length, % 0.007 0.004 0.025 0.009 0.007 0.029 
  RDM, % 98 95 96 98 99 94 

  Wt Loss, % 0.015 0.007 0.093 0.01 0.009 0.079 
109 Length, % 0.01 0.03 0.068 0.012 0.009 0.069 

  RDM, % 96 91 85 98 99 87 

  Wt Loss, % 0.029 0.05 0.176 0.014 0.013 0.135 

150 Length, % 0.012 0.069 0.139 0.018 0.02 0.117 

  RDM, % 94 88 78 98 98 84 

  Wt Loss, % 0.044 0.101 0.982 0.019 0.021 0.562 

192 Length, % 0.012 0.083 0.172 0.018 0.026 0.164 

  RDM, % 92 85 64 96 96 77 

  Wt Loss, % 0.062 0.143 9.13 0.031 0.049 3.01 

241 Length, % 0.048 0.096 ** 0.026 0.036 0.196 

  RDM, % 86 79 ** 96 94 65 

  Wt Loss, % 0.094 0.19  0.057 0.062  

279 Length, % 0.065 0.1  0.033 0.051  

  RDM, % 81 73  93 90  

  Wt Loss, % 0.126 0.211  0.095 0.092  

300 Length, % 0.094 0.139  0.044 0.062   

  RDM, % 78 65  90 87   
** Samples failed 
 
As shown in Table 2, the Relative Dynamic Modulus (RDM) of DB50 samples after 300 
cycles of rapid freezing and thawing was 65 percent compared to RDM of 78 percent of 
equivalent conventional concrete (DCM). Similarly, the RDM of PB50 samples after 300 
cycles of rapid freezing and thawing was 87 percent compared to RDM of 90 percent of 
equivalent conventional concrete (PCM). However, the samples prepared with 100 
percent bottom ash failed after approximately 240 cycles of rapid freezing and thawing. 
The primary reason for failure of DB100 and PB100 mixtures is also unsatisfactory air-
void structure of the samples. The author is in process of using another air-entraining 
agent (micro air) in another study involving utilization of Illinois bottom ash in concretes. 
The air-void structure test results obtained so far show that this air-entraining agent have 
successfully entrained the required amount of air (approximately 7 percent) in the 
mixtures containing 100 percent Illinois PCC bottom ash.  
 
 

CONCLUSIONS AND RECOMMENDATIONS 
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Based on the laboratory tests performed on the samples prepared during this study, it was 
concluded that the freezing-thawing characteristics of samples prepared with 50 percent 
Illinois PCC bottom ash was satisfactory whereas samples prepared using 100 percent of 
Illinois PCC bottom ash performed unsatisfactorily. From the results presented, it was 
also concluded that the mixtures prepared with 100 percent Illinois bottom ash are likely 
to be similar to that of equivalent conventional concrete, provided, the samples have 
satisfactory air-void structure. The air entraining agents used in this investigation could 
not satisfactorily entrain required amount of air in the mixtures. The author is in process 
of using another air-entraining agent (micro air) in another study involving utilization of 
Illinois bottom ash in concretes. The air-void structure test results obtained so far show 
that this air-entraining agent has successfully entrained the required amount of air in the 
mixtures containing 100 percent Illinois PCC bottom ash. It is the author’s opinion that 
further tests should be performed with this air entraining agent to evaluate the freezing-
thawing characteristics of the concrete composites made using Illinois PCC bottom ash.  
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