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ABSTRACT 

 
The proposed research is a two years program consisting of two phases: product 
development and commercialization feasibility. The major goals are to: 1) develop 
extrudable compositions of fiber-reinforced cement composites that contain substantial 
quantities of Illinois fly ash, 2) identify the best compositions for targeted products, and 3) 
to promote the most promising products for commercialization. The first year involved 
development and testing of different compositions: 1) finding the maximum allowable 
contents of Illinois fly ash, 2) evaluating different fiber types such as PVA, cellulose, glass 
and acrylic fibers, and 3) developing curing schedules to achieve the desired mechanical 
properties. The fly ash was examined as replacement for cement and silica sand. 
 
The addition of the Illinois Class F fly ash significantly improves the rheology of the fresh 
extruded mixtures. This helps the extrusion process and reduced composite defects. Fly ash 
used as replacement for cement improves the flexural performance of the composite for all 
fiber types. This improvement is different for each type of fiber. The highest improvement 
in both flexural strength and ductility is obtained for composites containing acrylic fibers 
when as high as 70% by volume of cement replaced by fly ash. For PVA fibers, only a 
slight improvement in the flexural behavior is observed. In this case the highest flexural 
strength is obtained when 60% by volume of cement is replaced by fly ash. It is important to 
note that even when 80vol% of the cement was replaced by the Illinois fly ash the flexural 
strength is not significantly effected. Fly ash also improves the rheology of the mixture 
when compared with sand. Therefore it can be used as a good substitute for sand. 
Comparable improvements in flexural response are obtained in the composites cured for 2 
days in a steam environment at 90?C when compared with the conventional 28 days moist 
curing. This result is of great practical significance since shorter curing time is often 
desirable in a manufacturing plant.   
 
It can be summarized that the Illinois Class F fly ash is particularly suitable for extruded 
fiber-reinforced cement composites, since mixtures containing substantial quantities of this 
fly ash are extrudable and provide high flexural properties (flexural strength of about 5000 
psi and strain hardening type of response are observed).  



 
 

 

 

 
 

EXECUTIVE SUMMARY 
 
The project is being submitted in the category of Process Research. The applicable 1997-
1998 Research Program Funding Area is Coal Related Residues/By-Product Management 
and is within the specific area of Pulverized Coal Combustion Residues (PCCR). The 
particular PCCR was Class F fly ash from the Illinois Basin Coal Combustion Residues 
Sample Program (CRSP). 
 
The proposed research is a two years program consisting of two phases: product 
development and commercializing feasibility. The major goals are to: 1) develop extrudable 
compositions of fiber-reinforced cement composites that contain substantial quantities of 
Illinois fly ash, 2) identify the best compositions for targeted products, and 3) to promote the 
most promising products for commercialization. The first year involved development and 
testing of different compositions: 1) finding the maximum allowable contents of Illinois fly 
ash, 2) evaluating different fiber types such as PVA, cellulose, glass and acrylic fibers, 3) 
optimizing the content of the fibers, and 4) developing curing schedules to obtain the 
desired mechanical properties.  
 
Fibers are incorporated in the brittle cement matrix to control the cracking, to provide high 
ductility and impact resistance, and to increase the tensile and flexural strengths. Extrusion 
is a processing technique that has been shown to impart high performance characteristics to 
fiber reinforced cementitious materials(i

A small-scale extrusion rheometer was used to extrude the specimens for this work. 
Specimens containing different ratio of fly ash as replacement for cement, silica sand and 

).  
 
Extrusion is a forming process, which forces a highly viscous plastic-like mixture through a 
rigid opening (a die) of the desired cross-section. It has been a widely used process in 
several industries such as, ceramic, clay, and polymer industries. There is a growing interest 
in the use of the extrusion process for the fiber reinforced cement composites industry. With 
properly designed dies and properly controlled material proportions, the fibers can be 
aligned in the load-bearing direction. The matrix and fiber packing can be identified to 
achieve low porosity and to improve the interface bond between the fiber and matrix. 
Extrusion also allows more flexibility in the product shape than possible with the standard 
board manufacturing processes. It is a potential candidate for low cost commercial 
applications, such as roofing tiles, flooring tiles, building panels, and pressure pipes. During 
the extrusion processing the viscosity (rheology) of the material is a controlling factor. If the 
rheology of the material is not close to ideal, defects form in the material during extrusion 
leading to reduce performance of the composites.  
 
Besides the economical and ecological reasons for using fly ash in cement-based products, 
the round particle morphology of fly ash can improve the rheology of extrusion systems. 
Therefore fly ash can be considered as a replacement for sand, silica fume as well as for 
cement. Partial replacement of cement with fly ash not only makes cement-based products 
inexpensive, but also reduces the total life cycle energy consumption by lowering the 
amount of cement needed.  
 



 
 

 

 

 
 

silica fume were prepared. Different fiber types were added to the mixtures: PVA, glass, 
acrylic and cellulose fibers. Four combinations with different ratios of cement:fly ash were 
tested: 20:80, 30:70, 40:60, and 50:50. All the sand in the mixtures was replaced with fly 
ash (resulting in a 12% replacement by volume). The fiber volume fraction was 3% for 
PVA and glass fibers, and 7% - 8% for cellulose and acrylic fibers.  
 
The influence of fiber content on flexural properties was also tested for PVA fibers. 
Different volumes of fibers were used: 1%, 2%, 3%, and 4%. The cement:fly ash ratio was 
kept constant at 40:60. In most of the cases two different cross sections of specimens were 
extruded and tested: 4mm sheet and 12.7mm diameter cylinders.  
 
After the extrusion the specimens were covered with a plastic sheet. After 24 hours the 
specimens were placed in 100% RH at 90EC for 2 days. Some specimens were subjected to 
conventional curing at 100% RH at room temperature for 28 days. Thereafter all the 
specimens were dried at 105 EC for 2 days and kept for another 24 hours at 50% RH at 
room temperature, before final testing.  
 
Three-point flexural tests were performed at a rate of 0.0114 mm/sec. The span was 
101.6mm for the sheet specimens and 203.2mm for the cylinder specimens.  
 
It was clear during the extrusion process that the addition of fly ash significantly improved 
the rheology of the fresh extruded mixtures. This lead to the reduction in composite defects 
and resulted in improved mechanical performance of the composite. This was observed for 
all fibers. The improvement in the flexural behavior on using fly ash varied with the fiber 
type. For example, for composites made with acrylic fibers, when 70% of cement was 
replaced with fly ash, a four-fold increase in ductility (as measured by deflection at peak 
load) was observed. For PVA fibers, only a slight improvement of the flexural strength was 
observed with fly ash replacement. In this case the highest flexural strength was obtained 
when 60% by volume of cement was replaced with fly ash. In the cases of cellulose, glass 
and PVA fibers cement replacement with fly ash resulted in a two-fold increase in ductility. 
It is important to note that even when 80% by volume of the cement was replaced with the 
Illinois fly ash the flexural behavior of the composites was not influenced significantly (only 
a 20% reduction was observed when compared with the 60-70% replacement).  
 
Microstructural examination of fractured surfaces using Scanning Electron Microscope  
(SEM) indicated a different mechanism of fracture for composites containing fly ash 
compared with those without fly ash. Large composite defects (large pores) were observed 
in composites that did not contain fly ash. This can be attributed to the poor rheological 
properties of mixture used to extrude these composites, resulting in low flexural properties 
of composites without fly ash.  
 
It was also found that the fly ash improved the rheology of the mixture over sand and 
achieved similar flexural behavior. Therefore fly ash can be used as a good substitute for 
sand.  
 
The flexural strength obtained with fly ash was comparable to that with silica fume, but the 



 
 

 

 

 
 

corresponding toughness was lower. This was true even when half of the silica fume was 
replaced by fly ash. Therefore, silica fume can not be replaced when toughness is necessary. 
 
Curing the specimens in a moist environment at 90?C for 2 days gave similar flexural 
results compared to moist curing at room temperature for 28 days, for PVA and cellulose 
fibers. Shorter curing time can be an advantage from an economical point of view, when 
considering manufacturing of these composites.  
 
One of the main advantages of extrusion technology is that it allows more flexibility in 
product shape than possible with the standard board manufacturing processes. Complicated 
solid cross-sections and open or cellular cross-sections can be extruded, usually with only 
minor modifications in batch composition. Where reduction in total weight or increase in 
structural rigidity is necessary, cellular cross sections can be extruded. In the second phase 
of this project specimen with different cross sections including two scales of cellular dies 
will be designed and extruded for use in lightweight construction for commercial 
applications.  
 
Summary and Conclusions: It can be summarized that the Illinois Class F fly ash is 
particularly suitable for extruded fiber-reinforced cement composites, since mixtures 
containing substantial quantities of this fly ash are extrudable and provide high flexural 
properties (flexural strength of about 5000 psi and strain hardening type of response). The 
Illinois Class F fly ash significantly improves the rheology of the fresh extruded mixtures, 
which leads to a reduction in composite defects and results in improved mechanical 
performance. Fly ash can also be used to replace cement and sand, but can not replace silica 
fume when toughness is necessary (since silica fume greatly improved toughness over fly 
ash). Similar flexural response is obtained for composites cured for 2 days in a steam 
environment at 90?C when compared with the conventional 28 days moist curing. This 
result is of great practical significance since shorter curing time is often desirable in a 
manufacturing plant.   
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OBJECTIVES 
 

The proposed research is a two years program consisting of two phases: product 
development and commercializing feasibility. The major goals are to: 1) develop extrudable 
compositions of fiber-reinforced cement composites that contain substantial quantities of 
Illinois fly ash, 2) identify the best compositions for targeted products, and 3) to promote the 
most promising products for commercialization. Some of the potential products would have 
a solid cross section such as sheets and tiles. Extrusion of cellular cross sections would be 
warranted where reduction in total weight or increase in structural rigidity is necessary or 
important. The first year involved development and testing of different compositions. 
Compositional development focused on: 1) finding the maximum allowable contents of 
Illinois fly ash, 2) evaluating different fiber types such as PVA, glass, acrylic and cellulose 
fibers, 3) optimizing the content of the fibers, 4) developing curing schedules to achieve the 
desired mechanical properties of the composite.   
 
The major tasks to meet these objectives for the first year are outlined below: 
 
Raw material characterization: By x-ray fluorescence analysis to determine the oxide-
equivalent composition; by x-ray diffraction, to determine the mineralogical composition 
and by SEM analysis to characterize the microstructure. 
 
Batch rheology characterization: A small-scale extrusion rheometer was used to evaluate 
the rheology of batches that could be extruded. 
 
Development of batch compositions: Mechanical properties and rheology data were used 
to optimize the fly ash and fiber addition. 
 
Development of batch processing procedures: Steps to evaluate the order of addition of 
components (included determining wet or dry), degree of dispersion of fibers, and the 
quantity and distribution of entrapped air. 
 
Development of curing schedules: The optimum curing schedule was determined in order 
to develop sufficient strength, and toughness to meet the specifications. Methods include 
room temperature moist curing and high temperature steam curing. 
 
Mechanical Testing: Flexural behavior of the composite was used to determine the 
material property of the composite. Flexural strength or modulus of rupture (MOR) was 
calculated as wall as deflection at maximum stress. 
 
Microstructural correlation with properties: Microstructural features such as fiber 
alignment, size and distribution of flaws and pores, and fiber damage due to pullout or 
failure were correlated with composition and processing conditions.     



2 
 
 

 

 
 

INTRODUCTION AND BACKGROUND 
 
Fibers are incorporated in the brittle cement matrix to control the cracking, to provide high 
ductility and improved impact resistance, and to increase in tensile and flexural strength 
(Fig.1) (higher tensile strength and stain hardening type of response. High performance fiber 
reinforced cement composites (HPFRCC) are defined as those with improved tensile 
properties as shown in Fig.1(ii). Extrusion is a processing technique that has been shown to 
impart high performance characteristics to fiber reinforced cementitious materials (1, 1, 2

Besides economical and ecological reasons for using fly ash in cement-based products, the 
round particle morphology of fly ash can also improve the rheology of extrusion systems. 
Fly ash is an inexpensive material not only compared with cement but also with silica sand 
and silica fume: 0.033$/lb for cement, 0.014 $/lb for sand, 0.43$/lb for silica fume and only 
0.01 $/lb for fly ash. Therefore, fly ash can be highly considered as a replacement for 

).  
 
In general, extrusion is a forming process, which forces a highly viscous plastic-like mixture 
through a rigid opening (a die) having geometry of desired cross-section. It has been a 
widely used process in several industries such as, ceramic, clay, and polymer industries. 
There is a growing interest in the use of the extrusion process for the fiber reinforced 
cement composites industry. The advantage of using extrusion in cement product 
processing is that materials are formed under high shear and high compressive forces, which 
enables incorporation of high content of fibers in the composite. With properly designed 
dies and properly controlled material proportions, the fibers can be aligned in the load-
bearing direction. The matrix and fiber packing can be identified to achieve a low porosity 
and to improve the interface bond between fiber and matrix. One of the main advantages of 
this technique is that it enables a higher flexibility of product cross-sections than possible 
with the standard manufacturing processes. In order to get the required cross-section of the 
product a die with the desired shape should be fixed on the extruder. In this way 
complicated solid cross-sections and open or cellular cross-sections can be extruded, usually 
with only minor modifications in batch composition. Extrusion is a potential candidate for 
commercial applications, such as roofing tiles, flooring tiles, building panels, and pressure 
pipes. 
 
For the success of extrusion it is important to control the viscosity of the mixture. On the 
one hand, the mixture must be plastic (soft) enough to flow under pressure and pass easily 
through the die, an on the other hand, it must be rigid enough to resist deformation and 
maintain it?s cross sectional shape after extrusion. If the rheology of the material is not 
close to ideal, defects form in the material during extrusion leading to reduce performance 
of the material. In order to create a plastic body capable of being extruded with minimal 
defects, additives and admixture should be used. The main additives and binders for cement 
extruded are as follows: organic binders (to impart plasticity and stiffness of the mixture), 
high range water reducer (for better wetting and dispersion), silica fume (a good plasticizer 
and also a very reactive pozzolan but it is expensive compare to fly ash). 
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cement, silica sand, and silica fume when developing mixtures for extrusion.   
 
Partial replacement of cement with fly ash not only makes cement-based products less 
expensive, but also reduces the total life cycle energy consumption by lowering the amount 
of cement needed(3

Specimens containing different ratios of Illinois Class F fly ash as replacement for cement, 
silica sand, and silica fume were prepared. Table 1 presents the mineralogical composition 
and of the Illinois class F fly ash received from the Illinois Basin Coal Combustion 
Residues Sample Program (CRSP), and Figure 2 shows the microstructurel of the fly ash 
particle inside the cement matrix (observed by SEM). Different fiber types were added to 
the mixtures: PVA, glass, acrylic and cellulose fibers. Table 2 presents the properties of the 
different fibers. One of the disadvantages of glass fibers as reinforcement for cement 
composites is the low durability after long period of time(

). The energy requirement for cement production in the U.S. is about 6 
million BTUs per ton of cement. Any major reduction in the manufacture of cement would 
have a significant impact on energy use and CO2 emissions. An already promising area 
where substantial reductions can be made is in the partial replacement of cement in concrete 
with fly ash.  
 
The use of fly ash as a partial replacement for cement in cement-based construction 
materials results in: 1) a significant energy saving due to a lower total embodied energy per 
construction unit, 2) a lower embodied CO2 emission per construction unit, and 3) a 
significant reduction in land filling of the ash.  

 
EXPERIMENTAL PROCEDURES 

 
Materials 

6

The influence of fly ash as replacement for cement was examined for each type of fiber by 
preparing four combinations with different ratios of cement:fly ash: 20:80, 30:70, 40:60, 

). High volume content of fly ash 
can improve the long-term durability of these composites due to a reduction in the pH of the 
composite. Cellulose fibers are inexpensive fibers and quite high content of cellulose fibers 
can be mixed to produce the composite. PVA fibers can impart high performance to cement 
composites, due to their high performance and a very high bond with cement matrix. 
Acrylic fibers have lower modulus of elasticity than the cement matrix, and can give high 
composite ductility. Three different test systems were prepared for each fiber type.   
 

                                                 
5 Wilson, A. 1993. ?Cement and Concrete Environmental Considerations.? Environmental Building News, 2 
(2). 

 

 

 
 6 Marikunte, S., Aldea, C., and Shah, S. P., "Durability of Glass fiber reinforced cement composites, effect 
   of silica fume and metakaolin?, Advanced Cement Based Material Journal, Feb. 1998, Vol 5, 1997, pp. 
100-108. 
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and 50:50. Glass fiber composites were examined only with 30:70 cement:fly ash ratio. 
Also for comparison, specimens without any addition of fly ash were prepared, i.e. 100:0 
cememt:fly ash ratio. As replacement of sand, the fly ash replaced all the amount of sand in 
the mixture, which means that about 12% by volume of fly ash were used in these 
composites. This was done with composites containing PVA and cellulose fibers. The fiber 
volume fraction was 3% for the PVA and acrylic fibers, and 7% - 8% for the cellulose and 
glass fibers. The influence of fiber content on flexural properties was also examined in the 
case of PVA fibers. For that purpose, specimens with 1%, 2%, 3%, and 4% of fiber contents 
by volume were prepared for composites containing cement:fly ash ratio of 40:60.  
 
Note that the results reported here for PVA fibers, when fly ash replaced silica sand and 
silica fume, Western Class F fly ash received from American Fly Ash Co. was used, since 
the Illinois Class F fly ash was not received until January 8, 1998. 
 
Extrusion Equipment and Procedure 
A small-scale extrusion rheometer was used to evaluate the rheology of the different 
batches. Ram type extruder was used for this purpose; in a ram extruder a piston is used to 
apply pressure to the material in the barrel, to force it through a die (Figure 3).   
 
Development of batch processing procedures was evaluated during preparation of the 
extruded mixtures. For that purpose different order of addition of the components was 
examined for each fiber type, in order to decide the mixing order. For example first all the 
wet components were mixed together and then the dry ingredients were added, or opposite, 
first dry components were mixed together and than the wet components were added. 
Decision was made on the basis of degree of fiber dispersion, homogeneity, and the quantity 
and distribution of entrapped air. In all fiber types the best results were obtained when first 
the liquid phase was mixed together with the fibers to get a proper dispersion of the fibers in 
the composite, and then the solid materials were incorporated to the mixture. All the 
components were mixed together for about 10-15 minutes.  
 
In most of the cases two different cross-sections were extruded: 4mm x 25.4mm sheet, and 
12.7mm diameter cylinders. 
 
After being extruded, the specimens were cured under plastic sheet cover. After one day (3 
days for some specimens as mentioned below) the specimens were cured in 100% moist at 
90EC for 2 days. For few mixtures, specimens were also cured at 100% moist in room 
temperature for 28 days. Thereafter the specimens were dried at 105 EC for 24 hours and 
tested in flexure after storing for another 24 hours in a 50% RH at room temperature.  
 
The setting time of composites containing cellulose fibers was slower than composites with 
PVA, acrylic and glass fibers, especially when high content of fly ash was used. Therefore 
in the case of the cellulose fibers the specimen did not set after 1 day from extruding. Two 
curing procedures were examined in the case of the cellulose and glass fibers: (1) the 
specimens were cured in steam (at 90?C for 2 days) after 1 day from extruding, (2) the 
specimens were cured in steam (at 90?C for 2 days) after 3 days from extruding.  
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Flexural test 
Three-point flexural test was carried out to characterize the mechanical behavior of the 
extruded specimens. The span was 101.6mm for the sheet specimens and 203.2mm for the 
cylinder specimens. Three point bending test was conducted by stroke control at the rate of 
about 0.0114 inch/sec. The modulus of rupture and the deflection at maximum stress were 
calculated.  
 
Different parameters were tested as outlined below: 
replacing cement with Illinois fly ash 
replacing silica sand with fly ash  
replacing silica fume with fly ash 
different methods of curing 
influence of fiber content for PVA fibers 
 
The test results presented are an average of at least 6 sheet specimens, and 4 cylinder 
specimens. Typical stress-deflection curves representing the composites flexural behavior 
are chosen for comparison, for sheet specimens. 
 
Microstructure characterization 
Fragments of specimens obtained after the flexural test were dried at 60EC prior to being 
gold-coated for observation with a scanning electron microscope (SEM), in an attempt to 
characterize the microstructure of the composite.  
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RESULTS AND DISCUSSION 
 

Influence of addition of fibers and processing: 
The influence of addition of fibers on the composite behavior can be seen in Figure 4, 
(different volume fractions of PVA fiber were added to the composite). In all of these 
composites the cement:fly ash ratio was 40:60. As expected, increasing the fiber content 
enhances the flexural properties of the composites, both, strength and ductility, due to 
increase in the number of fibers bridging the cracks.  
 
Figure 5 shows the influence of the extrusion process compared to conventional casting 
process, with composites containing 3% by volume of PVA fibers. It can be clearly seen 
that the extrusion process improved the flexural behavior of the composite (significantly). 
As mentioned above, in extrusion processing the fibers can be aligned in the load-bearing 
direction and the matrix and fiber packing can be identified to achieve a low porosity and 
the interface bond between the fiber and matrix can be improved. That can give the high 
performance composite obtained in this study. 
 
Illinois Class F fly ash as a replacement for cement 
Different ratio between the Illinois fly ash Class F and the cement were examined for each 
fiber type, in order to obtain the allowable highest content of fly ash in the extruded 
composite. For glass fibers, only composites with 30:70 cement:fly ash ratio were examined 
compared to composites without fly ash. Figures 6-9 show the stress?deflection curves for 
each fiber type, and Table 3 presents the composition and flexural properties of these 
composites.  
 
It can be clearly seen from the figures that in all fibers systems addition of fly ash enhanced 
the flexural behavior of the composite. The improvement of the flexural behavior using fly 
ash was varied with fiber type. 
 
The highest flexural strength was obtained with composites containing fly ash as 
replacement for cement, in the cases of acrylic and cellulose fibers (Figures 6, 7, and Table 
3). Much lower flexural strength was obtained with composites without any addition of fly 
ash, about 35% lower than those containing fly ash. Slight improvement of the flexural 
strength was observed with PVA fiber composites containing fly ash (Figure 8). In this case 
the highest flexural strength were obtained when 60% by volume of cement was replaced by 
fly ash (Table 3). For glass fibers, improvement of about 20% of flexural strength was 
observed with composites containing fly ash compared to those without any addition fly ash 
(Figure 9). 
 
A four-fold increased of composite ductility was obtained in the case of acrylic fibers, as the 
fly ash content enhanced from 0% (no fly ash) up to 70% by volume replacement of cement 
(Figure 6). In the cases of cellulose, PVA, and glass fibers, the fly ash (as replacement for 
cement) improved the composite ductility twice as much as was obtained with composite 
without addition of fly ash (Figures 7, 8, and 9).  
 
It is important to note that even when 80vol% of the cement was replaced by the Illinois fly 
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ash the flexural strength remained quite high, about 20% lower than the highest results. 
 
It was clear during the extrusion process that the addition of fly ash significantly improved 
the rheology of the fresh extruded mixtures. This was mainly observed with acrylic, glass 
and cellulose fibers. This could lead to reduction in composite defects and produce dense 
matrix, which can partly resulted the high flexural performance was obtained with these 
composites (Figures 6, 7 and 8).  
 
It can be summarized that fly ash as replacement for cement improved the fresh mixture 
rheology and provided significant high flexural properties, compared to composites without 
fly ash. The highest improvement, both in strength and ductility, obtained for composites 
containing acrylic fibers. Therefore, fly ash can be used as a very good substitute for 
cement. 
 
Fly ash as replacement for silica sand and silica fume  
Figure 10 shows the influence of fly ash as replacement for silica sand on the composite 
flexural behavior, for PVA and cellulose fibers. Replacing the silica sand with fly ash did 
not have a significant influence on both toughness and flexural strength of the composites. 
Moreover, fly ash, in addition to improving the rheology of the mixture over sand, is also 
less expensive than sand (0.014 $/lb for sand and 0.01 $/lb for fly ash) and is a reactive 
pozzolan. Therefore, fly ash can be used as a good candidate to replace the sand.  
 
The effect of replacing silica fume with 50% by volume of fly ash can be seen in the result 
obtained in Figure 11. It can be seen that, when silica fume was replaced with fly ash the 
toughness of the composite decreased. The flexural strength obtained with fly ash was 
similar to that with silica fume, but the corresponding toughness was lower. This was true 
even when half of the silica fume was replaced by fly ash. Therefore, although silica fume is 
expensive, it can not be replaced when toughness is necessary. 
 
Influence of curing 
Figure 12 presents the influence of curing in moist at 90?C for 2 days compared to the 
conventional 28 days moist curing at room temperature, for cellulose fibers with 40:60 and 
50:50 cement:fly ash ratio. It can be seen in both cases, that there was not a significant 
difference between the two curing processes. The same trends were observed with PVA 
fibers. These results can indicate that the curing process can reduce from 28 days to 8 days 
and having similar mechanical behavior. This result is of great practical significance since 
shorter curing time is often desirable in manufacturing plant.  
 
The influence of the period of time before curing the specimens in steam at 90?C for 2 days 
(1-3 days before steam curing) for cellulose fibers can also be seen in Figure 12. For high 
content of fly ash (Figure 12b), the flexural behavior is much higher for composites being 3 
days at room temperature and than steam cured, than composites being 1 day at room 
temperature and than steam cured. In the case of the low content of fly ash (Figure 12a) 
there is not a significant difference between the two curing procedures. Similar trends to 
those of the low content of fly ash were observed for glass fiber composites with 30:70 
cement:fly ash ratio. The cellulose specimens with the high content of fly ash did not set 



8 
 
 

 

 
 

after 1 day when they placed in the steam chamber for curing. Therefore during the steam 
curing they changed shape and dimension. This can explain the low flexural strength was 
obtained with these composites. No changes in shapes and dimensions were observed with 
cellulose fiber composites containing the low content fly ash and the glass fiber specimens 
in both curing procedures.    
 
Microstructural characteristic 
Microstructural examination of fractured surfaces using Scanning Electron Microscope  
(SEM) indicated different mechanism of fracture for composites containing fly ash 
compared to composites without fly ash. Figure 13b shows large pores in the matrix with 
composites that do not contain any fly ash. Such large pores were not observed in the case 
of composites containing fly ash (Figure 13a). These large pores can be produced during the 
extrusion process when a poor rheological properties mixture being extruded. As mentioned 
above, the fly ash improved the rheology of the fresh extruded mixture, which leads to 
reduction in composite defects and result in higher flexural properties (Figures 6-9). This 
was mainly the case with cellulose, acrylic and glass fibers. 
 
Figure 14 presents acrylic and cellulose fiber surfaces at the composite fracture surface after 
bending tests, for composites containing fly ash and composites without fly ash. It can be 
clearly seen that with fly ash the fiber surface is covered with a layer, which might be a 
dense cementitious film (Figures 14a, c). This means that the pullout process involved with 
these composites take place mainly between the dense cement film and the balk cement 
matrix and not directly at the fiber-matrix interface. On the other hand, in the case of 
composites without fly ash such a dense film was not observe around the fiber surface 
(Figure 14b, d), this can suggest different mechanism involved in these composites during 
the bending test. This can also lead to the differences in flexural properties obtained with 
composites containing fly ash and composites without fly ash.  
 
Micrographs presented in Figure 15 indicates that silica fume improves the fiber-matrix 
bond (Figure 15a), compared to the specimens without silica fume (Figure 15b), and 
specimens containing only half of the amount of silica fume as the other half replaced by fly 
ash (Figure 15c). These observations can explain the high flexural strength and toughness of 
composites containing silica fume (Figure 11).  
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CONCLUSIONS AND RECOMMENDATIONS 
 
The Illinois Class F fly ash is particularly suitable for extruded fiber-reinforced cement 
composites, since mixtures containing substantial quantities of this fly ash are extrudable 
and provide high flexural properties (flexural strength of about 5000 psi and strain 
hardening type of response).  
 
The fly ash improves the flexural strength and ductility of the composite (significantly) 
compared to composites without fly ash, mainly for acrylic and cellulose fibers. The highest 
composite ductility is obtained when 70% by volume of cement is replaced by fly ash; the 
ductility is about 4 times higher than composites without fly ash, for acrylic fibers. Much 
lower results are obtained with specimens without any addition of fly ash.  
 
The Illinois Class F fly ash significantly improves the rheology of the fresh extruded 
mixtures. This leads to a reduction in composite defects during the extrusion process when 
a poor rheology mixture is extruded. The improved rheology for fly ash mixtures results in 
dense matrix and improves the flexural properties of composites containing fly ash. 
 
The main advantages of using fly ash are: (1) improved rheology, (2) reduction in total cost 
(fly ash is cheaper than cement), (3) significant energy saving due to a lower total embodied 
energy per construction unit, (4) lower embodied CO2 emission per construction unit, (5) 
significant reduction in land filling of the ash, and (6) significant improvement in the 
flexural behavior over cement. It can be concluded that fly ash can be used as a very good 
and inexpensive replacement for cement in extrusion of fiber reinforced cement composite. 
 
Composites containing fly ash as a replacement of sand give similar flexural properties 
when compared to the composites containing only sand (without fly ash). On the other 
hand, fly ash as a replacement for silica fume, can produce strengths similar to silica fume, 
but cannot give the same toughness imparted by silica fume (even if only half of the silica 
fume replaced by fly ash). Therefore, it can be concluded that fly ash can be used as a good 
candidate to replace sand, but it can not replaced silica fume when toughness is necessary 
(as silica fume greatly improves toughness over fly ash).  
 
Similar flexural response was obtained when composites were cured for 2 days in a steam 
environment at 90?C for 2 days as compared to when they were moist cured for 28 days. 
Shorter curing time is often desirable in a manufacturing plant.  
 
One of the main advantages of extrusion technology is that it allows more flexibility in 
product shape than the standard board manufacturing processes. Complicated solid cross-
sections and open or cellular cross-sections can be extruded, usually with only minor 
modifications in batch composition. Where reduction in total weight or increase in 
structural rigidity is necessary or important, cellular cross sections can be extruded. In the 
coming year (the second year) the compositions and the shape of the extruded cross-sections 
will be optimized to meet the industry-specified targeted properties. Two scales of cellular 
dies will be designed for use in lightweight construction for commercial applications The 
ACBM Center will be working with a manufacturer / installer of large industrial buildings 
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to bring a suitable product to market. 
 
Compositional development will continue with finding the maximum allowable contents of 
Illinois fly ash, and evaluating different fibers such as PVA, cellulose, glass, acrylic and 
polypropylene, as well as testing hybrid fibers, i.e. combining different type of fibers in 
order to reduce the cost and to enable tailoring the performance of the composite product.  
 
Curing schedules will be developed to facilitate commercial manufacturing. The long-term 
durability of samples will be evaluated. In addition, ACBM will be promoting this material 
and process for use in other building material products, such as, roof tile, residential siding, 
and floor tile. 
 

DISCLAIMER STATEMENT 
 

This report was prepared by Dr. Surendra P. Shah & NSF Science and Technology Center 
for Advanced Cement Based Materials, Northwestern University with support, in part by 
grants made possible by the Illinois Department of Commerce and Community Affairs 
through the Illinois Coal Development Board and Illinois Clean Coal Institute. Neither Dr. 
Surendra P. Shah & NSF Science and Technology Center for Advanced Cement Based 
Materials, Northwestern University nor any of its subcontractors nor the Illinois Department 
of Commerce and Community Affairs, Illinois Coal Development Board, Illinois Clean 
Coal Institute, nor any person acting on behalf of either: 
 
Makes any warranty of representation, express or implied, with respect to the accuracy, 

completeness, or usefulness of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed in this report may not 
infringe privately-owned rights; or 

 
Assumes any liabilities with respect to the use, or for damages resulting from the use of, any 

information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of Commerce 
and Community Affairs, Illinois Coal Development Board, or the Illinois Clean Coal 
Institute. 
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois? support of the project. 
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Table 1: Chemical analysis of the Illinois Class F fly ash used for this project. 

Analyte SiO2 Al2O3 
 

Fe2O3 CaO MgO SO3 Na2O K2O TiO2 
 

P2O5 Mn2O3 SrO L.O.I. 
950EC 

Total 

Weight 
% 

51.06 19.75 14.06 4.97 1.16 0.74 0.82 2.32 0.96 0.20 0.13 0.03 1.29 97.52 

 
Alkalies as Na2O 2.35 wt%, and Moisture 0.19 wt% 
 
Sio2+Al2O3+Fe2O3=84.88 wt% 

 
 
 
 
 

Table 2: Properties of the different fibers 
Type of 
Fiber 

Tensile 
Strength 
(MPa) 

 

Modulus of 
Elasticity 

(GPa) 

Ultimate 
Elongation 

(%) 

Fiber 
Diameter 

(μm) 

Fiber 
Length 
(mm) 

Density 
 

(Kg/m3) 

Glass 3500 71 1-3 14 6 2680 
Cellulose 600 60 3-10 15 3.1 1500 
Acrylic 200-400 2 25-45 40 6 1100 
PVA 1900 41 9 14 2 1300 
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Table 3: Batches compositions and flexural results for different fibers types and the different cement:fly ash ratios.  

Fiber 
Type 

C:FA Volume       Fraction W:(C+FA+SF) MOR 
(dry) 

Deflection 
Max. Stress 

 (vol.) Cement Fly Ash Silica 
Fume 

Fiber 
 

Water (vol.) (wt.) (psi) (in.) 

 
 
PVA  

100:0 0.50 0.00 0.05 0.03 0.40 0.73 0.24 4655 0.046 

 50:50 0.26 0.26 0.05 0.03 0.38 0.66 0.24 4662 0.084 
 40:60 0.21 0.32 0.05 0.03 0.37 0.63 0.24 4794 0.083 
 30:70 0.16 0.37 0.05 0.03 0.37 0.65 0.26 4272 0.092 
 20:80 0.11 0.42 0.05 0.03 0.37 0.64 0.26 3306 0.088 
 
 
Cellulose  

100:0 0.36 0.00 0.06 0.07 0.47 1.09 0.36 2755 0.026 

 50:50 0.18 0.18 0.06 0.07 0.48 1.18 0.44 3894 0.039 
 40:60 0.14 0.21 0.06 0.07 0.48 1.17 0.45 3370 0.035 
 30:70 0.11 0.25 0.06 0.07 0.48 1.16 0.46 3528 0.036 
 20:80 0.07 0.28 0.06 0.07 0.48 1.16 0.48 3144 0.037 
Glass 100:0 0.43 0.00 0.11 0.03 0.41 0.77 0.26 4624 0.018 
 30:70 0.14 0.32 0.12 0.03 0.37 0.63 0.25 5425 0.028 
 
 
Acrylic 

100:0 0.43 0.00 0.11 0.07 0.38 0.73 0.24 3241 0.019 

 50:50 0.22 0.22 0.11 0.08 0.35 0.64 0.24 4215 0.041 
 40:60 0.18 0.26 0.11 0.08 0.35 0.63 0.25 4266 0.051 
 30:70 0.13 0.31 0.11 0.08 0.35 0.63 0.25 4070 0.073 
 20:80 0.09 0.35 0.11 0.08 0.34 0.62 0.25 4049 0.053 
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