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ABSTRACT 

 
The major goals of the present research 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) promote the most promising products 
for commercialization. This year involved development and testing of different compositions and 
specimen cross-sections. Two scales of cellular dies were designed and tested for use in 
lightweight construction for commercial applications. Compositional development focused on 
evaluating different fiber types such as glass, polypropylene (PP), PVA, and cellulose fibers, as 
well as hybrid fibers (i.e., combinations of different fibers). The hybrid system could allow better 
control of the composite performance. Also, curing schedules were developed to give the desired 
mechanical properties of the composite for each fiber and hybrid fiber, and the long-term 
durability of the composites was evaluated.  
 
A significant improvement in flexural behavior of the extruded composites, both in strength and 
in ductility, was achieved, even though as much as 70% by volume of the cement was replaced 
with Illinois fly ash. This improvement was especially noticeable when glass, cellulose and 
acrylic fibers were used. Much lower results were obtained with extruded specimens made with 
these fiber types when no fly ash was used. The positive effect of the fly ash can be attributed to 
improvement in fiber durability and fiber-matrix bond, and a more compacted matrix. The 
combination of improvement in fiber durability and bonding can explain the improved strength 
and ductility of the acrylic, glass, and cellulose fiber composites. This was more pronounced for 
steam-cured composites. For polypropylene (PP) fiber composites the improved mechanical 
performance with the addition of fly ash can be mainly attributed to an improvement in bond 
strength. For PVA fiber composites the bond as well as durability are relatively high, hence the 
positive effect of fly ash is not as significant, and the decrease in composite strength for high fly 
ash content was attributed to the low strength and low toughness of the matrix itself. Combining 
glass and polypropylene fibers in the same composite made it possible to engineer the composite 
performance. A composite with cellular cross-sections was successfully extruded in order to 
produce lightweight products for precast applications. It can be concluded that fly ash can be 
beneficially used as a replacement for cement in extruded fiber-reinforced cement composites for 
the building industry. Successful promotion of cellular, extruded products containing Illinois fly 
ash has already begun.   
 

EXECUTIVE SUMMARY 
 



 

 
 
 

The major goals of the present research 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) promote the most promising products 
for commercialization. This year involved development, design and testing of different 
compositions and specimen cross-sections. Two scales of cellular dies were designed and tested 
for use in lightweight construction for commercial applications. Extrusion of cellular 
cross-sections is important where reduction in total weight and increase in structural rigidity are 
necessary. Compositional development focused on evaluating different fiber types such as glass, 
polypropylene, PVA, acrylic and cellulose fibers, as well as hybrid fibers (i.e., combinations of 
different fibers). The hybrid system could allow better control of the composite performance. 
Moreover, the cost could be reduced if inexpensive fibers can replace part of the expensive 
fibers. Curing schedules were developed to give the desired mechanical properties of the 
composite for each fiber and hybrid fiber, and the long-term durability of the composites was 
evaluated.   
 
Fibers are incorporated in the brittle cement matrix to control the cracking by bridging across the 
cracks, to provide high ductility and to improve impact resistance as well as increase both the 
tensile and flexural strength. The modulus of elasticity of the fibers in relation to the modulus of 
the cement matrix (about 15-30 GPa) influences the mechanical performance of the composite. 
Hybrid composites containing two or more fiber types can be considered to control the cost and 
optimize desired properties of the composite by taking advantage of the different properties of 
different fiber types.  
 
Extrusion is a processing technique that has been shown to impart high performance 
characteristics in fiber-reinforced cementitious materials.( 1

A small-scale ram extrusion rheometer was used to extrude the small-scale specimens: cylinder, 
sheet and small-scale cellular cross-section. An auger extruder was used to extrude the 

) Extrusion is a forming process, 
which forces a highly viscous plastic-like mixture through a rigid opening (a die) having the 
geometry of the desired cross-section. There is 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. 
With the extrusion process, the matrix properties and the packing of fiber can be altered to 
achieve low porosity and to improve the interface bond between the fiber and the matrix. 
Extrusion also allows more flexibility in product shape than is 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 ideal, defects form in the material during extrusion leading to reduced performance of the 
composites. Along with the economical and ecological reasons for using fly ash in cement-based 
products, the round particle morphology of fly ash improves the rheology of extrusion systems. 
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.  
 

                                                           
1 Shao, Y., Marikunte, S., Shah, S. P. 1995. “Extruded Fiber-Reinforced Composites”, Concrete  International:48-52. 



 

 
 
 

large-scale cellular specimens. Specimens containing Illinois Class F fly ash as a replacement for 
cement were prepared with different fibers: acrylic, PVA, glass, polypropylene, and hybrid 
fibers.  In most of the cases 70% by volume of cement was replaced by fly ash. The fiber 
volume fraction was 3% for PVA fibers, 5% for the glass, polypropylene and the hybrid fibers, 
and 5% or 7% for the acrylic fibers. For studying the different specimen cross-sections, 
composites with PVA and cellulose fibers with 60% and 50%, respectively, by volume of fly ash 
as replacement for cement were prepared. After being extruded, the specimens were covered 
with a plastic sheet for 1-3 days. Then they were either steam cured at 90°C and 100% relative 
humidity (RH) for 2 or 4 days or cured for 4, 8, 15 and 28 days in 100% RH at room 
temperature. Thereafter, most of the specimens were dried at 105°C for 24 hours, and then kept 
at 22o

The addition of a high content fly ash improves the long-term durability of acrylic, glass and 
hybrid fiber composites. An increase in strength and a reduction in toughness over aging were 
observed for the glass fiber composite with fly ash, due to increase in the interfacial bond. 

C and 50% RH for 24 hours before being tested in flexure. In order to study the effect of 
fly ash on the composite long-term durability, acrylic, glass, PP and hybrid composites as well as 
plain matrix with and without fly ash were stored in a hot bath at 80°C for 6 to 20 weeks, after 
being cured in room temperature at 100% RH for 28 days. 
 
A three-point flexural test was carried out at a rate of 0.0045 inch/sec. The span was 4 inches for 
the sheet specimens, 8 inches for the cylindrical and small-scale cellular specimens, and 18 
inches for the large-scale cellular specimens.  
 
It was found that mixtures containing substantial quantities of Illinois Class F fly ash are 
extrudable and provide enhanced flexural properties.  
 
The positive effect of the fly ash was observed only when fibers were incorporated to the 
mixture, and found to be dependent on the type of fiber. Acrylic, glass, and cellulose fibers were 
affected the most, whereas PP, hybrid, and PVA fiber composites were less influenced by the fly 
ash.  
 
One of the main advantages of the extrusion technique is that it enables a higher flexibility of 
product cross-sections than is possible with the standard manufacturing processes. One of the 
goals of the present work was to produce lightweight products for precast applications. For such 
applications lightweight products are important in order to reduce the cost of transportation and 
erection. Cellular cross-sections were extruded successfully for lightweight precast products. It 
was found that the composite cross-section influenced its mechanical properties. A high content 
of fly ash resulted in significant improvement in the flexural strength of small-scale cellular 
composite. The improvement with the large-scale cellular composite was not as great as that for 
small-scale composite. This was due to fiber clumping at the corner of the cellular cross-section 
as well as higher porosity of this composite.  
 
Increasing the content of polypropylene fibers while reducing the glass fiber content increased 
composite toughness and reduced composite strength of the hybrid fiber composite. In order to 
take advantage of these results and further increase the composite strength and toughness, other 
fiber types should be considered such as PVA and carbon fibers.  
 



 

 
 
 

Acrylic and glass fiber composites without fly ash exhibited embrittlement and loss in strength 
over aging. The accelerated aging improved the flexural performances, mainly the strength, of 
PP fiber composites with and without fly ash, due to an increase in the fiber-matrix interfacial 
bond strength. This improvement was greater for composites containing fly ash. The hybrid 
fibers improve the long-term durability of the composite over glass fiber composites.   
 
During the performance of these research tasks, the investigators have worked closely with the 
technical and marketing staff of an unnamed major corporation on the commercialization 
challenges of bringing this process to market through the manufacture of industrial building 
panels. Tests have been performed to ascertain whether the product would meet the most 
stringent test specifications of wind load, weight per area, and material handling. The cost of the 
product is a major factor in determining the marketability. Analysis by the company has 
determined the product to be cost competitive, this being strongly influenced by the ability to use 
a significant percentage volume of fly ash.  
 
Summary and Conclusions A significant improvement in the flexural behavior of the extruded 
composites was obtained when as high as 70% by volume of cement was replaced by fly ash. 
This was especially true when glass, cellulose and acrylic fibers were used. For these 
composites, much lower results were obtained with extruded specimens without fly ash. The 
improved flexural properties of composites containing fly ash can be attributed to improvement 
in fiber durability, fiber-matrix bond, and a more compact matrix. The combination of improved 
fiber durability and fiber-matrix bond can explain the increase in strength and ductility of the 
acrylic, glass, and cellulose fiber composites when fly ash was added. This was more 
pronounced for steam-cured composites. For PP fiber composites, the improved mechanical 
performance with the addition of fly ash can be mainly attributed to an improvement in bond 
strength. For PVA fiber composites, the bond as well as durability is relatively high, hence the 
positive effect of fly ash is not as significant, and the decrease in composite strength for high fly 
ash content was attributed to the low strength and toughness of the matrix itself. Combining glass 
and polypropylene fibers in the same composite made it possible to engineer the composite 
performance. The extrusion technique enables a higher flexibility of product cross-sections than 
possible with the standard manufacturing processes. A composite with cellular cross-sections 
was successfully extruded in order to produce lightweight products for precast applications. It 
can be concluded that fly ash can be beneficially used to replace cement for extruded 
fiber-reinforced cement composites. 
 
The collaborating corporation has recently spent considerable time and funds investigating the 
cost to set up a prototype production facility. Investigations have been made and studies have 
been performed to determine the viability of equipment suppliers in the US, Japan and Germany. 
Additional testing and trials will be performed on potential prototype equipment in close 
collaboration with and guidance of the ACBM investigator team.  
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OBJECTIVES 
 

The major goals of the present research are: 1) to develop extrudable compositions of 
fiber-reinforced cement composites that contain substantial quantities of Illinois fly ash; 2) to 
identify the best compositions for targeted products; and 3) to promote the most promising 
products for commercialization. Two scales of cellular dies were designed and tested for use in 
lightweight construction for commercial applications. Extrusion of cellular cross-sections is 
important where reduction in total weight and an increase in structural rigidity is necessary. 
Compositional development focused on: 1) finding the maximum allowable contents of Illinois 
fly ash, and 2) evaluating different fiber types which include glass, polypropylene, PVA, 
cellulose and acrylic fibers, as well as hybrid fibers (i.e., combinations of different fibers). The 
hybrid system could allow a better optimization of the composite performance. For example, 
combining polypropylene and glass fibers together could give both improved strength and 
toughness. Moreover, the cost could be reduced if inexpensive fibers can partly replace more 
expensive fibers. Also, combining different fiber types can improve long-term durability. 
Different hybrid combinations of glass and polypropylene were examined. Short term aging 
(4-28 days from extrusion) of acrylic specimens was studied as well. Curing schedules were 
developed to give the desired mechanical properties of the composite for each fiber and hybrid 
fiber, and the long-term durability of the composites was evaluated.   
 
The major tasks to meet these objectives are outlined below: 
 
1. Industrial collaboration: This includes: (1) enlisting ACBM Center’s industrial contacts to 
determine commercial feasibility of the most encouraging potential products, and (2) seeking 
feedback in the form of suggestions for modifications that could enhance the marketability, such 
as ways to reduce costs, or to enhance such properties as nailability. The major thrust in this 
effort is to work with the manufacturer of commercial siding. Collaboration in bringing this 
product to market should accelerate interest in and development of other building products.  
2. Development of batch compositions: Using mechanical properties and rheology data to 
optimize the fly ash and fibers addition for the different fibers and the hybrid fibers.  
3. Development of batch processing procedures: Steps to evaluate include the order of addition 
of components, to decide the mixing order of the fibers wet or dry, degree of dispersion of fibers, 
homogeneity, and the quantity and distribution of entrapped air. That could be very important 
when cellular cross-section specimens are extruded.    
4. Die design and testing: Design two scales of cellular die for use in lightweight construction 
for commercial applications. The main consideration is the minimization of extrusion defects. 
5. Development of curing schedules: Determine the optimum curing schedule in order to 
develop sufficient strength, toughness and durability. Methods including room temperature moist 
curing and high temperature steam curing were examined for different fibers and mixtures. 
6. Mechanical Testing: Using flexural behavior of the composite to determine the 
characteristics of the composite for the different material compositions, specimen shapes, and the 
cast composites.  
7. Durability testing: Evaluate the effects of long-term durability on composite strength as well 
as the influence of moisture condition prior to testing. 
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8. Microstructural correlation with properties: Correlate the microstructural features such as 
fiber alignment, size and distribution of flaws and pores, degree of microcracking, and fiber 
damage due to aging, pullout, or failure with composition and processing conditions.     

 
INTRODUCTION AND BACKGROUND 

 
Fibers are incorporated in the brittle cement matrix to control the cracking by bridging across the 
cracks, to provide high ductility, to improve impact resistance and to increase tensile and flexural 
strength. The modulus of elasticity of the fibers in relation to the modulus of the cement matrix 
(about 15-30 GPa) influences the mechanical performance of the composite (1). Fibers with an 
elastic modulus greater than that of the cement matrix (above 30 GPa) accompanied by high 
strength can be used to increase composite strength. Low-modulus fibers (below 15 GPa) can 
result in considerable improvements in the strain capacity, toughness, impact resistance and 
crack control of the composite. Hybrid composites containing two or more fiber types can be 
advantageous in economically optimizing the desired properties of the composite. 
 
High performance fiber-reinforced cement composites (HPFRCC) are defined as those with 
improved tensile properties (1). Extrusion is one processing technique that has been shown to 
impart high performance characteristics in fiber reinforced cementitious materials (2, 3).  In 
general, extrusion is a forming process, which forces a highly viscous plastic-like mixture 
through a rigid opening (a die) having the geometry of the desired cross-section. It has been a 
widely used process in several industries such as the ceramic, clay, and polymer industries. 
There is 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 during extrusion. The matrix properties 
and fiber packing can be controlled so as to achieve a low porosity and to improve the interface 
bond between the fiber and matrix. One of the main advantages of this technique is that it 
enables a higher flexibility of product cross-sections than is 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 success in the extrusion process it is 
important to control the viscosity of the mixture. The mixture must be plastic (soft) enough to 
flow under pressure and pass easily through the die; but on the other hand, it must be rigid 
enough to resist deformation and maintain the extruded cross-section after exiting the die. If the 
rheology of the material is not close to ideal, defects form in the material during extrusion 
leading to reduced performance of the material. Along with 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 the extrusion system. Therefore, fly ash should be considered as a 
replacement for cement when developing mixtures for extrusion.   
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 (5). The energy requirement for cement production in the U.S. is about 6 millions 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 
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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 energy per construction unit, 2) a lower CO2

 

 
emission per construction unit, and 3) a significant reduction in land filling of the ash.  

Phase I – Summary of Results 
The first year of this project focused on developing extrudable compositions of fiber-reinforced 
cement composites that contain substantial quantities of Illinois Class F fly ash. The Illinois fly 
ash was examined as a replacement for cement and for silica sand, for different fiber types, PVA, 
acrylic, glass and cellulose fibers. As high as 80 vol% of the cement was successfully replaced 
by Illinois fly ash. The highest improvement was obtained for composites containing acrylic 
fibers, when 70% by volume of the cement was replaced by the fly ash. It was also found that 
Illinois fly ash improves the rheology of the mixture over sand for both PVA and cellulose 
fibers, and achieves similar flexural behavior to that of sand. Therefore, it can also be used as a 
good candidate to replace sand for extruded composites. These encouraging results show that 
mixtures containing substantial quantities of Illinois Class F fly ash are extrudable and provide 
high flexural properties to the composites. This indicates that the use of Illinois fly ash is very 
attractive for extruded fiber-reinforced cement composites. The progress of this year is 
summarized below. 

 
EXPERIMENTAL PROCEDURES 

 
Materials 
Specimens containing Illinois Class F fly ash as replacement for the cement were prepared and 
compared with composites without addition of the fly ash.  
 
Different fiber types and hybrid fibers were added to the mixtures: acrylic, PVA, glass, 
polypropylene and hybrid fibers. The fiber properties are presented in Table 1. Also specimens 
without fibers were prepared for comparison. The acrylic, cellulose and glass fiber composites 
were prepared with different cement:fly ash ratios: 100:0 (no fly ash), 50:50, 40:60, 30:70, and 
20:80. All the others were extruded only with 70% by volume replacement of cement with fly 
ash and without fly ash.  
 
The basic mixtures design for the different fiber types is presented in Table 2. Note that the 
water/binder ratio of specimens containing fly ash was lower by about 0.02 than the one 
presented in the table. This was to keep the viscosity of the fresh mixture suitable for the 
extrusion process.  
 
The influence of the hybrid fiber composites was examined by preparing various hybrid 
compositions by volume percentages of polypropylene/glass fibers: 0:100, 20:80, 40:60, 60:40, 
80:20, and 100:0. In all cases the fiber content was 5% by volume and 70% by volume of cement 
was replaced by fly ash. Also composites without fly ash were examined. Polypropylene fibers 
have a lower modulus of elasticity than that of the cement matrix (about 5-8 GPa) and have poor 
bond with a cement matrix. Therefore, they mainly improve the toughness of the composite. The 
glass fibers have an elastic modulus greater than that of the cement matrix (about 70 GPa) and 
have a superior bond. They improve the composite strength. Hybrid composites containing glass 
and polypropylene fibers can control the desired properties of the composite by taking advantage 
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of the properties of each fiber type. One of the disadvantages of glass fibers as reinforcement for 
cement composites is their low durability after a long period of time. A 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.  
 
Different specimen shapes such as sheet, cylinder, small-scale cellular, and large-scale cellular 
were extruded for PVA and cellulose fiber composites. 50% and 60% by volume of the cement 
was replaced by the Illinois fly ash for cellulose and PVA fibers, respectively.  
 
Extrusion Equipment and Procedure 
A small-scale extrusion rheometer was used for the different batches to extrude the small-scale 
specimens in order to evaluate the rheology of batches that can be extruded. This extruder is a 
ram type extruder. A piston is used to generate the pressure in the barrel to force the material 
through a die. The large-scale cellular specimens were extruded using an auger extruder, where a 
screw is used to push the material through the die.  
 
Sheet specimens 4mm thick and 25mm wide were extruded for the hybrid and the acrylic 
composites. 

The preparation of the mixtures was as follows for all fiber types: first the liquid phase was 
mixed together with the fibers to get a proper dispersion of the fibers, and then the solid 
materials were incorporated into the mixture. All the components were mixed together for about 
10-15 minutes.  

After being extruded, all the specimens were covered with a sheet for 3 days (one day for PVA 
fibers). Then they were exposed to different aging and curing: 2 and 4 days steam curing; up to 
4, 8, 15 and 28 days from extruding at 100% RH in room temperature; and accelerated aging for 
6 and 20 weeks, as presented in Table 3.  
 
The accelerated aging was started after 28 days after extrusion of specimens cured in room 
temperature at 100% RH and was done for specimens without fly ash and with fly ash (70% 
replacement). Plain matrix and acrylic fiber specimens, both with 70 % fly ash as a replacement 
for cement and without fly ash, were aged for 4, 8, 15, and 28 days. These specimens were tested 
in saturated, dry surface condition.  The 28 days aging specimens were also tested in dry 
condition, as were the steam-cured and the accelerated aging specimens.  
Specimens tested in dry condition were prepared in the following manner. After curing, they 
were kept for 24 hours at 22oC and 50% RH and then dried at 105°C for another 24 hours. They 
were tested in flexure after storing for another 24 hours at 22o

A three-point flexural test was carried out to characterize the mechanical behavior of the 
extruded specimens. The span was 4 inches for the sheet specimens, 8 inches for the cylindrical 
and small-scale cellular specimens and the cast beams (for curing), and 18 inches for the 
large-scale cellular specimens. The three point bending test was conducted under stroke control, 
incrementing displacement, at the rate of about 0.00045 inch/sec. The test results shown are an 
average of at least four specimens for the small-scale specimens and at least three specimens for 

C and 50% RH.  
 
Flexural test 
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the large-scale cellular and beam specimens. Typical stress-deflection curves representing the 
composites flexural behavior are chosen for comparison for sheet specimens. 
 
Microstructure characterization 
The fragments of specimens obtained after the flexural test were dried at 60°C prior to being 
gold-coated for observation with a scanning electron microscope (SEM), in an attempt to 
characterize the microstructure of the composite.  
 

RESULTS AND DISCUSSION 
 

Industrial collaboration - Effect of specimen cross sections 
One of the main advantages of the extrusion technique is that it enables a higher flexibility of 
product cross-sections than is possible with the standard manufacturing processes. Complicated 
solid cross-sections and open or cellular cross-sections can be extruded, usually with only minor 
modifications in batch composition. One of the goals of the present work was to produce 
lightweight cement board products, for precast applications. In this type of application, the 
cement boards are first manufactured in the factory and then transferred to the building area. For 
such applications, reduction in weight is important in order to reduce the cost of transportation 
and erection. For this purpose lightweight, large cellular cross-section products were extruded. 
Figure 1 presents these products. As can be seen in the figure seven foot long cellular 
cross-sections were extruded successfully, and they can be easily carried due to their low weight.  
 
The composite cross-section can influence not only the product weight but also its mechanical 
properties. Figure 2 presents the flexural strength obtained for PVA fiber specimens with 
different cross-sections, sheet, cylinder, small-scale cellular and large-scale cellular, with low 
and high contents of fly ash. It can be seen that the specimen cross-section affects the flexural 
strength of the composite. A high fly ash content improves the properties of the small-scale 
cellular composite, but does not affect the performance of the large-scale cellular. Further 
improvement in the mixture and die design is needed to improve these results. It should be kept 
in mind that the small-scale specimens were extruded on the ram extruder whereas the 
large-scale cellular specimens were extruded on the auger extruder.     
    
Hybrid composites 
The modulus of elasticity of the fibers in relation to the modulus of the cement matrix and the 
interfacial bond influences the mechanical performance of the composite. Hybrid composites 
containing two or more fiber types can be considered to optimize the desired properties of the 
composite by taking advantage of the properties of each fiber type. In this work, polypropylene 
fibers, with a modulus of elasticity lower than the cement matrix and relatively poor fiber-matrix 
bond, and glass fibers, having a modulus of elasticity greater than the cement matrix (Table 1) 
and relatively superior fiber-matrix bond, were combined to control composite performance. 
Figure 3 shows the flexural strength and toughness vs. the PP content (0 on the x-axis means 
only glass fibers without PP and 100 means only PP without glass fibers), containing fly ash (as 
replacement for 70% of the cement). It is clear in the figure that increasing the content of PP 
(reducing the glass content) increases the composite toughness but at the same time decreases the 
composite strength. It can be concluded that the performance of extruded composites can be 
controlled by different hybrid combinations. 
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Effect of fly ash  
A summary of the effect of the fly ash content on the flexural properties, strength and toughness, 
of acrylic, PVA and cellulose fiber composites is presented in Figure 4. Significant improvement 
in toughness can be seen for acrylic and cellulose fiber composites when increasing the fly ash 
content. The greatest improvement was obtained for acrylic composites with 70% fly ash as 
replacement of the cement. For PVA fiber composites the toughness was hardly affected by the 
use of fly ash. 
 
Increasing the fly ash content also enhances the flexural strength of the composites up to an 
optimum, which was obtained at 60% fly ash content for the acrylic and PVA fiber composites 
and 50% fly ash content for the cellulose composites (Figure 4a). For PVA fiber composites, a 
further increase in the fly ash content leads to significant reduction in the composite strength 
below the strength of the reference composite (without any addition of fly ash, i.e. 0 at the 
x-axis). For acrylic and cellulose composites, even the highest fly ash content (80%) possesses 
some improvement in the composite strength compared with the reference composite.  
 
A summary of the effect of fly ash for various fiber types and hybrid fibers (20:80-G:PP) is 
demonstrated in Figure 5. This figure presents the improvement in composite flexural strength 
and toughness by fly ash (when 70% of the cement was replaced with fly ash) over composite 
without fly ash, for composites cured in steam condition. It can be clearly seen that the fly ash 
improves the composite flexural performance for acrylic, glass and cellulose fibers. A greater 
improvement in toughness than in strength can be seen in these cases. Composites with PP, 
hybrid and PVA fibers were hardly affected by the fly ash.  
 
The positive effect of the fly ash was also observed when the composites were cured in 100% 
RH at room temperature for 28 days. However, here the improvement is less significant than the 
one obtained for the steam-cured composites (see Table 4). 
 
A significant reduction in both toughness and strength when 70% by volume of the cement was 
replaced by fly ash was found for the plain cement matrix (without fibers, Figure 5), suggesting 
that the positive effect of the fly ash can mainly be attributed to the presence of the fibers.  
 
Curing 
Table 4 presents the flexural strength and toughness of specimens with 70% fly ash and without 
fly ash for different curing, 2 and 4 days in steam and 28 days at room temperature and 100% 
RH. In most cases, a 2-day steam cure gives higher performance, mainly in strength, than curing 
in room temperature. The 4-day steam cure slightly improves the composite performance over 
the 2-day steam cure when fly ash was used. However, for specimens without fly ash longer 
steam curing resulted reduction in the flexural performances, in some cases even over 28 days 
curing. It can be concluded that steam curing allows a reduction in curing time from 28 days to 2 
days and gives similar  or even higher results than those obtained after the standard 28 days 
curing.   
 
Aging 
(a) At Room Temperature in 100% RH 
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The effect of aging in room temperature (4, 8, 15 and 28 days) on the flexural performances of 
acrylic fiber composites and plain matrix with and without fly ash was studied. In these cases, 
the fly ash replaced 70% by volume of the cement. Figure 6 presents these results. It can be 
clearly seen that the systems without fly ash gained their  optimal strength and toughness at 
early age, after 4 and 8 days from extrusion for the plain matrix and the acrylic fiber systems, 
respectively. No significant change in the mechanical performances can be seen over aging (up 
to 28 days) for the plain matrix systems without fly ash (Figure 6c, d). On the contrary, for the 
acrylic fiber systems without fly ash a reduction in both strength and toughness can be seen 
during aging (Figure 6a, b), perhaps due to fiber degradation in the cement environment. For the 
specimens with fly ash, a significant increase in strength and toughness can be seen up to 15 days 
from extrusion for both systems with and without fibers. Thereafter the improvement is not as 
significant.  
 
It is also interesting to note that the plain matrix with fly ash exhibits lower mechanical 
performances than that without fly ash for all aging. On the other hand, when acrylic fibers were 
added to the mixture, the use of fly ash results in significant improved toughness over composite 
without fly ash for all aging systems. However, the strength is higher for composites without fly 
ash at early ages, but over time it dropped and at 28 days curing the composites with fly ash 
exhibit slight improvement over composites without fly ash. These results indicate that the use of 
fly ash is beneficial when fibers (acrylic) are added to the system.  
 
 
(b) Hot Bath at 80ºC (Accelerated aging) 
Figure 7 presents the change in flexural properties after 6 weeks accelerated aging for 
composites with and without fly ash, calculated as the ratio between the flexural properties 
before (28-day cure in 100% RH at room temperature) and after the accelerated aging. Six weeks 
accelerated aging significantly improves the properties of plain matrix with fly ash. However, 
without fly ash a reduction in the matrix properties can be seen. Despite the improvement in the 
matrix properties with fly ash over aging, not such a significant improvement, and even 
reduction in some cases, was obtained when fibers were added to the matrix. In the case of PP 
fiber composites with and without fly ash, improvement in flexural performances on aging, 
mainly in strength, can be seen, perhaps due to increase in fiber-matrix interfacial bond strength. 
This improvement is greater for composites containing fly ash. An increase in the interfacial 
bond strength can readily explain the increase in strength and reduction in toughness over aging 
for the glass fiber composites containing fly ash (Figure 7), as the bond strength exceeds its 
critical value. On the other hand, glass fiber composites without fly ash exhibit reduction in both 
strength and toughness over aging, about 40% in strength and 60% in toughness. However, the 6 
weeks aging hardly affected the flexural properties of the hybrid composite (20:80 glass:PP), 
which means improved durability over the glass fiber composite. Embrittlement and loss in 
strength over aging can also be seen for the acrylic fiber composites with and without fly ash. 
This reduction is greater for composites without fly ash. Further, continuing the accelerated 
aging up to 20 weeks results in a reduction of the composites performance over 6 weeks aging, 
for specimens with and without fly ash (Table 5). It can be concluded that the presence of fly ash 
improves the durability of glass and hybrid fibers as well as acrylic fibers in the cementitious 
matrix.  
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Microstructural Characteristics 
(a) Fiber-Matrix Interfacial Zone 
Observations on the fiber-matrix interfacial zone at early age composites, 4 days from extrusion, 
indicate large gaps between the fiber and the matrix for the composites with fly ash (Figure 8a). 
Such gaps were not observed in the early age composites without fly ash (Figure 8b) as well as 
for composites with and without fly ash after 28 days curing. This suggests a poorer bond in the 
early age fly ash composites, leading to the low performance of the composites. This correlates 
with the high porosity of the matrix and the large amount of unhydrated fly ash particles 
observed at an early age for composites containing fly ash (Figure 9a). A denser matrix was 
observed after 28 days from extrusion for composites with fly ash (Figure 9b) as well as for 
composites without fly ash after 4 and 28 days from extrusion.  
 
A significant difference could not be seen when observing the acrylic fiber surface at the fracture 
zone for composites with and without fly ash, after 4 days from extrusion. However, when 
observing the acrylic fiber surface after 28 days from extrusion and after steam curing, a layer of 
dense cementitious film around the fiber could be seen for composites with fly ash (Figure 10a). 
Such a dense film was not observed around the fiber surface in the case of composites without 
fly ash (Figure 10b) suggesting differences in the transition zone for composites with and 
without fly ash, which might effect the mechanical performance.  
(b) Fiber failure 
The length of acrylic fibers protruding from the composite fracture surface was observed. Figure 
11 clearly shows that, for composites with fly ash, long fibers protrude out of the fracture 
surface, compared with very short fibers protruding for composites without fly ash. This trend 
was observed for composites cured at room temperature for 4 days as well as for 28 days curing 
and steam curing. A similar trend was also observed for cellulose and glass fiber composites. 
This suggests a fiber pullout mechanism in the systems with fly ash and a fiber fracture 
mechanism in the systems without fly ash and can explain the ductile behavior of the fly ash 
composites and the more brittle behavior of composites without fly ash. Moreover, when fly ash 
was used, the composite fracture surface was relatively rough (Figure 11a), whereas for 
composites without fly ash the fracture surface was quite smooth (Figures 11b). This indicates 
differences in crack propagation between these two composites. For PP fiber composites, long 
fibers protruding from the fracture surface were observed similar to the one presented in Figure 
11a, for both systems with and without fly ash even after accelerated aging for 6 weeks, 
suggesting fiber pullout in both cases. This correlates with the ductile behavior of these 
composites.  

 
CONCLUSIONS AND RECOMMENDATIONS 

 
In the extruded system, the addition of fly ash improved the flexural performance of the 
composite. Much lower flexural strength and more brittle behavior was obtained for extruded 
composites without fly ash.  
 
One of the main advantages of the extrusion technique is that it enables a higher flexibility of 
product cross-sections than is possible with the standard manufacturing processes. One of the 
goals of the present work was to produce lightweight products for precast applications. For such 
applications, lightweight products are important in order to reduce the cost of transportation and 
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erection. Cellular cross-sections were extruded successfully for lightweight precast products. It 
was found that the composite cross-section influenced its mechanical properties. The large-scale 
cellular composite showed lower strength compared to that of the small-scale specimens. A high 
fly ash content improves the properties of the small scale cellular specimens. Further 
modification of batch composition and die design is needed to improve the results of the 
large-scale cellular specimen.  
 
Increasing the content of polypropylene fibers while reducing the glass fiber content increased 
the hybrid composite toughness and reduced composite strength. In order to further optimize the 
composite strength and toughness, other fiber types and hybrid compositions should be 
considered.  
 
A high fly ash content improves the long-term durability of acrylic, glass and hybrid fiber 
composites. An increase in strength and a reduction in toughness over aging were observed for 
the glass fiber composite with fly ash, due to increase in the fiber-matrix interfacial bond. 
Without fly ash, acrylic and glass fiber composites exhibited embrittlement and loss in strength 
over aging. The accelerated aging improved the flexural performances, mainly the strength, of 
PP fiber composites with and without fly ash, due to increase in the fiber-matrix interfacial bond 
strength. This improvement was greater for composites containing fly ash. The hybrid fibers 
improve the long-term durability of the composite over glass fiber composites.   
 
It is possible to reduce the curing time of the extruded composites from a 28-day moist cure to a 
2-day steam cure. Continuing the steam curing for longer than 2 days leads to reduction in the 
composite performances.  
 
The improved flexural properties of composites containing fly ash can be attributed to 
improvement in fiber durability, fiber-matrix bond, and a more compact matrix. The combination 
of improvement in fiber durability and fiber-matrix bond can explain the increase in strength and 
ductility of the acrylic, glass, and cellulose fiber composites when fly ash was added. This was 
more pronounced for steam-cured composites. For PP fiber composites, the improved 
mechanical performance with the addition of fly ash can be mainly attributed to an improvement 
in bond strength. For PVA fiber composites, the bond as well as durability is relatively high, 
hence the positive effect of fly ash is not as significant, and the decrease in composite strength 
for high fly ash content was attributed to the low strength of the matrix itself. 
 
Since fly ash: (1) improves rheology, (2) is cheaper than cement, (3) reduces energy 
consumption due to a lower total energy per construction unit, (4) lowers the CO2

Compositional development will continue with finding the optimum combination of hybrid 
fibers, i.e. combining different type of fibers, in order to reduce the cost and to enable the 
optimum tailoring of performance of the composite product. The pre test conditions, saturated 
and dry, will be studied. The long-term durability of samples with and without addition of fly ash 
as well as different hybrid composite combinations will continue. Collaboration with the 

 emissions per 
construction unit, and (5) significantly improves the flexural behavior of extruded composites, it 
can be concluded that fly ash is a very good candidate to partly replace cement for extruded 
fiber-reinforced cement composites. 
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industrial partner will continue to commercialize this development. 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. 
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Table 1: Properties of the various fibers 
Type of Fiber Tensile 

Strength 
(MPa) 

Modulus of 
Elasticity 
(GPa) 

Fiber 
Diameter 
(µm) 

Fiber 
Length 
(mm) 

Density 
 
(Kg/m3) 

Glass 3500 71 14 6 2680 
Cellulose 600 60 15 3 1500 
Acrylic 300 8 37 6 1180 
Polypropylene 700 5 50 13 910 
PVA 1900 41 14 2 1300 

 
 
 
Table 2: Basic mix design of batches for the various fibers and plain matrix 

Fiber Volume    Fraction Water/binders 

Type Cement 
+ 

Fly Ash 

Silica 
Fume 

Fiber Water (wt.) 

Matrix 0.42 0.11 ------- 0.42 0.28 
Glass, PP & hybrid 0.41 0.11 0.05 0.41 0.26 

Acrylic 0.42 0.11 0.07 & 0.05 0.38-0.41 0.25-0.26 
Cellulose 0.36 0.06 0.07 0.47 0.36 

PVA 0.50 0.05 0.03 0.40 0.24 
 
 
 
Table 3: Curing and aging schedule for the different composites and the plain matrix 

Fiber 
Type 

Steam curing 
90ºC 

Room temp. 
100% RH  

Accelerated aging 
Hot bath, 80ºC 

 2 days 4 days 28 days 4,8 15 days 6 weeks 20 weeks 
Matrix x x x x x --- 
Glass x x x --- x x 

Acrylic x x x x x x 
PP x x x --- x x 

Cellulose x --- x --- --- --- 
PVA x --- x --- --- --- 

Hybrid- G:PP 
20:80 

 
x 

 
x 

 
x 

 
--- 

 
x 

 
x 

20:60, 60:40, 
80:20 x x x --- --- --- 
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Table 4: Effect of curing on the flexural strength and toughness of the composite 

Fiber type Flexural strength (psi) Toughness (psi-in.) 
 Steam  Room Temp. Steam  Room temp. 

With fly ash 2 days 4 days 28 days 2 days 4 days 28 days 
Matrix 894 1143 862 6 6 10 
Glass 5331 5804 4881 143 143 198 
PP 2067 2232 1724 705 734 607 
Hybrid - 
Glass:PP 20:80  

2615 3254 2848 625 665 653 

No fly ash       
Matrix 2129 1339 1019 16 7 9 
Glass 4010 --- 4480 72 --- 131 
PP 1554 1868 1383 530 596 518 
Hybrid - 
Glass:PP 20:80  

2154 1886 1894 617 475 563 

 
 
Table 5: Effect of aging on flexural performances of specimens with and without fly ash 

Fiber  Flexural strength (psi) Toughness (psi-in.) 
type 6 weeks 20 weeks 6 weeks 20 weeks  

 With FA No FA With FA No FA With FA No FA With FA No FA 
Matrix 1996 418 ---- ---- 16 3 ---- ---- 
Glass 5057 2726 4890 2423 136 38 111 27 
PP 2620 1764 2114 1611 658 534 598 569 
Hybrid – 
Glass:PP 
20:80  

3309 2162 2613 1776 609 569 576 535 

 
 
 
 
 
 
 


	FINAL TECHNICAL REPORT
	November 1, 1998, through October 31, 1999
	Project Title:  EXTRUDED FIBER-REINFORCED CEMENT COMPOSITES
	ICCI Project Number:  98-1/3.1C-1
	Principal Investigator:   Dr. Surendra P. Shah, Northwestern University
	Other Investigators:  Dr. Alva Peled, Herman Yost, Northwestern University
	ABSTRACT
	Industrial collaboration: This includes: (1) enlisting ACBM Center’s industrial contacts to determine commercial feasibility of the most encouraging potential products, and (2) seeking feedback in the form of suggestions for modifications that could e...
	Development of curing schedules: Determine the optimum curing schedule in order to develop sufficient strength, toughness and durability. Methods including room temperature moist curing and high temperature steam curing were examined for different fib...
	INTRODUCTION AND BACKGROUND

	REFERENCES

	Table 1: Properties of the various fibers
	Type of Fiber
	Volume    Fraction
	Water
	Accelerated aging
	Glass
	Fiber type
	With fly ash
	No fly ash
	Fiber 





