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ABSTRACT 

Fabric reinforced cement based composites are a new class of reinforced 

composites which have the potential for becoming load bearing structural members.  

Recent studies conducted at ASU point out to superior tensile strength and ductility of 

these materials.  The behavior of fabric-reinforced composites is primarily governed by 

interfacial bond characteristics between fiber and matrix.  One of the methods to evaluate 

such characteristics is a pullout test.  A series of pullout tests was conducted using several 

different fabric cement manufacturing techniques, matrix, and fabric types.  There were 

four fabric types: alkali-resistant glass (AR-glass), polypropylene (PP), polyethylene 

(PE), and Polyvinyl Alcohol (PVA); two different mix designs (control and with fly ash); 

and three different procedures for making samples (control, pultrusion, and vacuum).  In 

addition, there were two different fabric embedded lengths (0.3 and 0.5 inches) and three 

different free fabric lengths (1, 2 and 3 inches).  In order to verify experimental results, 

two mathematical models addressing straight yarn and woven yarns were developed.  

These models use a shear lag approach to address the debonding growth and pullout of a 

single yarn under frictional and adhesion bond.  The yarn model was modified into 

addressing the curvature on the surface in the case of a woven fabric by implementing the 

restraint caused by fill yarn in the yarn model.  The experimental results showed that 

fabric, mix design and procedural variations highly affected the interfacial bonding.  

Model predictions verified the experimental results well.  The interfacial surface between 

fiber and cement was observed using the scanning electron microscope and there were 

significant visible differences on the surface.   

 iii



 

To develop analytical design formulations for these composites, the effects of 

fabric composites under shear load were studied by mathematically calculating the load 

and deformation response using a laminate theory.  Since propagation of cracks between 

fiber and concrete might be the governing factor in failure of composite under shear load, 

a model was developed taking the damage due to matrix cracking into account.  The 

model simulated similar trends to those of experimental results, especially when fibers 

were placed in directions appropriate to carry the tension caused by shear load.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

Materials scientists, engineers and scientists are always striving to produce either 

improved traditional materials or completely new materials to find better performance of 

materials.  Composite materials are an example of the latter category.  There is no really 

adequate definition of a composite material.  However, there are three main points to be 

included in a definition of an acceptable composite material for use in structural 

applications.   

a. It consists of two or more physically distinct and mechanically separable 

materials.   

b. It can be made by mixing the separate materials in such a way that the dispersion 

of one material in the other can be done in a controlled way to achieve optimum 

properties.   

c. The properties are superior, and possibly unique in some specific respects, to the 

properties of the individual components.   

 

The examples of composite materials are wood, bone, metallic alloys (e.g. steels), 

reinforced concrete beams etc.  The broad classification of composite materials with 

some examples is in Table 1.1.  In addition to the construction materials, other general 

applications of these composite materials are aircrafts, automobiles, boats, furniture, 

sport’s equipment etc.   
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Table 1.1 

Broad Classification of Composite Materials (From: D. Hull, 1981 An introduction to 

composite materials, Cambridge university press) 

 Examples 
Natural composite materials Wood 

Bone 
Bamboo 
Muscle and other itssue 

Microcomposite materials Metallic alloys: e.g. steels 
Toughened thermoplastics:  
     e.g. impact polystyrene, ABS 
Sheet moulding compounds 
Reinforced thermoplastics 

Macrocomposites  
(Engineering products) 

Galvanised steel 
Reinforced concrete beams 
Helicopter blades 
Skis 

 
 

Within the last fifty years there has been a rapid increase in the production of 

synthetic composites, those incorporating fine fibres in various plastics.  A fibrous 

reinforcement is characterized by its length being much greater than its cross-sectional 

dimension.  However, the ratio of length to the cross-sectional dimension, known as the 

aspect ratio, can vary considerably.  In single-layer composites long fibres with high 

aspect ratios give what are called continuous fibre reinforced composites, whereas 

discontinuous fibre composites are fabricated using short fibres of low aspect ratio.  The 

orientation of the discontinuous fibres may be random or preferred.  The frequently 

encountered preferred orientation in the case of a continuous fibre composite is termed 

unidirectional and the corresponding random situation can be approximated to by bi-

directional woven reinforcement.  Multilayered composites are another category of fibre 
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reinforced composites.  These are classified as either laminates or hybrids. Laminates are 

sheet constructions which are made by stacking layers in a specified sequence.  Hybrids 

are usually multilayered composites with mixed fibres and are becoming commonplace. 

The fibres may be mixed in a ply or layer by layer and these composites are designed to 

benefit from the different properties of the fibres employed.  The most commonly used 

fibers in the cement-based matrix are steel, glass polymeric and natural fibers.   

The reason for using fibers in composite is to enhance the properties of an 

inherently weak, brittle and crack-prone cementitious matrix.  Fiber in hardened cement 

paste, mortar or concrete may have at least three important effects.  First, they may tend 

to increase the stress at which the matrix starts to crack. Second, they may improve the 

strain capacity or ductility of the inherently brittle cementitious matrix, thus increasing its 

energy absorption capability or toughness characterized in general by the area under a 

stress-strain or load-deformation curve or some defined portion of it.  A third important 

effect of fibers is their tendency to inhibit or modify crack development in terms of 

reducing crack width and average crack spacing.  The degree of improvements depends 

on the mode of loading and the type and amount of fibers.  Any type of fiber effective for 

reinforcing relatively weak and brittle cementitious matrices must have higher tensile 

strength, ductility (or elongation), elastic modulus, elasticity and Poisson’s ratio than 

those of matrix.  However, realization of full reinforcing potential depends strongly on 

the interfacial shear bond between fiber and matrix.   

In the simplest case of very long fibers aligned in the direction of uniaxial tensile 

stress, just like conventional straight reinforcing bars, it should be obvious that if 
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adhesive interfacial shear bond does not exist no tensile stress can develop in the fibers.  

In this case the strength of the composite is the same as the strength of the matrix because 

the fibers pull out of the matrix without resistance.  In contrast, when there is very strong 

interfacial shear, whether by adhesion, friction or mechanical interlock, the fibers become 

subject to the entire load carried by the composite once the matrix cracks, and the 

ultimate strength depends only on the amount and intrinsic strength of the fibers.  

However, if the toughness of the composite was concerned, the interface must not be so 

strong that it does not fail and allow toughening mechanisms such as debonding and fibre 

pullout to take place.   

In addition, shear failure in composite structures is of equally important 

phenomena.  Use of fibers in cement concrete helps to make concrete less brittle.  Fibers 

generally help to withstand tougher tensile load conditions than cement alone.  However, 

when fiber reinforced composite was considered as a laminated composite, such use of 

fibers with cement concrete has a tendency to reduce interfacial bonding between the 

fibers and the matrix.  Practically, when the mechanical properties of fiber reinforced 

composites are calculated mathematically, it is often considered that the composite 

consist of laminates.  In each laminate, all the fibers are aligned in one direction.  This is 

also termed as ‘laminate theory’.  In recent years, cement-based laminates are considered 

to be an ideal material for structural, seismic, and other severe loading applications.  Due 

to such specialized nature of the structures, their shear characteristics are vital to 

understand.  However, there are very few studies reported on how fibers perform in shear 

 



 5

failure conditions.  Therefore understanding the role of fibers in withstanding or 

enhancing shear resistance is very critical.   

 

1.2 Review of Related Literature 

The behavior of fiber-reinforced composites is primarily governed by the 

interfacial bond characteristics between the fiber and the matrix.  Several methods have 

been developed to evaluate the bonding strength between fiber and matrix.  In one of the 

earlier researches by Kelly and Tyson in 1965, they measured the force required to 

pullout a fiber embedded in a matrix as the bonding strength.  This method, in addition to 

its relative simplicity of sample preparation and measurement, is expected to give 

realistic information when one considers the pullout of fibres from the fracture surfaces 

of composites.  Based on this experiment, they found that the force required for 

extracting a stiff metal wire from a softer metal matrix is a linear function of the 

embedded length of wire.  This is a case in which a uniform shear strength of the 

interface can be assumed along a fibre.   

In another study by Greszczuk (1969), he considered a general relationship 

between the fibre strength and the interface strength theoretically as a function of the 

embedded length of fibre using the assumptions of the shear lag theory, assuming that the 

extensional stresses in the matrix are negligible relative to those in the fibre and that the 

shear stresses in the fibre are small compared to those in the matrix.  He also assumed 

that complete fibre-matrix debonding takes place when the maximum inter facial shear 

stress, τi,max, is equal to the maximum interfacial bond shear strength, τib,max.  Later in 
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1972, Lawrence developed a theory on the effect of partial debonding on the maximum 

debonding stress including the effect of friction, instead of using Greszczuk’s assumption 

that immediate, catastrophic fibre-matrix debonding takes place when the shear forces 

reaches maximum.   

These theoretical approaches are based on maximum shear strength criterion 

using shear lag based models.  Based on maximum shear strength criterion, debonding 

takes place when the maximum shear stress at interface reaches a critical value.  An 

alternative approach is a formulation based on fracture mechanics principles using the 

energy release rate criterion suggested by Gurney and Hunt (1967).  Such formation is 

based on the assumption that the propagation of the debonding zone requires a certain 

energy and that debonding zone requires a certain energy and that debonding will occur 

only when the energy flowing into the interface exceeds the value of the specific 

resistance energy.   

Much later in 1990, Stang et al. described the whole debonding process, including 

a criterion for the initiation of debonding and the load-versus-displacement relationship 

during debonding.   

As mentioned earlier, the behavior of fiber-reinforced composites is primarily 

governed by the interfacial bond characteristics between the fiber and the matrix.  In 

1973, Aveston and Kelly proposed the fundamental concepts and relationships among 

matrix crack spacing, interfacial debonding (or sliding) length, and interfacial shear stress 

of a continuous fiber-reinforced composite.  Advancing the concept, in 1996 Mobasher 

and Li conducted a theoretical analysis interfacial properties and crack opening.   
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Above mentioned theoretical models are for a yarn condition.  However, in recent 

years, considerable attention has been devoted to woven fabric composite materials by 

many scientists. e.g. Peled et al. in 1994 showed the increase of bond strength in woven 

fabric reinforcement materials using the pullout experiment.   

 

1.3 Objectives of the Thesis 

There are two major parts, interfacial shear bonding and shear failure, in this 

thesis.  The primary objective of the first part is to study the effect of fiber debonding and 

pullout to predict the stress-strain relation under tensile load in fabric reinforced concrete.  

After the cracks have formed in the material under the tensile load, fiber debonding and 

pullout process have a significant influence to the crack opening since fiber works as a 

crack bridging.  However, the geometrical condition of fibers and matrix in pullout 

specimens are different from that in a composite subjected to a tensile load.  Note that the 

pullout test is conducted under the existence of free fiber which does not apply to the 

tensile test.  Therefore, the interface response of pullout test might not be the same as that 

for tensile test.  Pullout test was conducted under various free fiber lengths to modify 

different conditions between pullout and tensile tests as explained in the following 

chapters.   

The specific objectives of the first part are as follows. 

a. To conduct the pullout test under various free fiber lengths, fabric types and mix 

designs. 
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b. To model the load-deformation relationship using results of objective ‘a’ and 

existing theory of a yarn condition. 

c. To model the load-deformation relationship using the results of objective ‘a’ and 

existing theory for woven condition. 

d. To compare two models and study the sensitivity of various parameters that have 

been used in the model.   

 

The objective of the second part is to understand material properties of fiber 

reinforced concrete under shear load better.  Haup (1997) conducted a series of 

experiments for shear failure in various composite samples.  However, it is also important 

to generalize the behavior of composite material for such failure conditions.  Therefore, a 

model for shear failure was developed and simulation results were compared with their 

experimental data.   

The specific objectives of the second part are as follows. 

a. To model the load-deformation relationship using existing theory of laminate 

theory. 

b. To compare the experimental and simulated results. 

 

Details of pullout test (experiments) are explained in Chapter 2.  Chapter 3 

discusses the models to fit the results of experiments from the pullout test.  Details of 

shear model are explained in Chapter 4 and conclusions are outlined in Chapter 5.  

 



 

CHAPTER 2 

EXPERIMENTAL ANALYSIS AND RESULTS 

 

2.1 Pullout Test 

A series of pullout test were designed to obtain the bond strength and other 

properties of the fabric/matrix interface.  Using the combination of 4 different fabrics and 

2 different mix designs, specimens were made by 3 different procedures.  Specimens 

were made of cement paste with thickness of .32 inches (8 mm) and contained a layer of 

fabric in the middle.   

 

2.1.1 Specimen Preparation 

Fabric 

Four different types of fabrics were used in the experiment, which are alkali-

resistant AR-glass (AR-glass), polypropylene (PP), polyethylene (PE), and Polyvinyl 

Alcohol (PVA) fabrics.  Fabrics are shown in figure 2.1.  The properties for these fabrics 

are given below (Table 2.1).   

 

Table 2.1 

Properties of Yarns 

Yarn 
Type Yarn Nature 

Strength
 
 

(MPa) 

Modulus 
of 

Elasticity 
(MPa) 

Strain at 
Peak 

 
(mm/mm) 

Filament 
size 

 
(mm) 

Number of 
filaments 

in a bundle 

Approximate 
Bundle 

diameter 
(mm) 

AR-
glass Bundle 1276-

2448 78600 - 0.0135 400 0.27 

PP Bundle 500 6900 0.27 0.04 100 0.40 
PE Monofilament 260 1760 0.21 0.25 1 0.25 

PVA Bundle 227 3938 0.11 - - 0.97 
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Mix Design 

Two types of mix design were used with their details provided in table 2.2.  Mix 

design 1 was a plain Portland cement paste.  To enhance the workability of this mix 

superplasticizer was added.  Mix design 2 contained 40% fly ash as cement replacement 

and had enough workability that no superplasticizer was needed.  Both mixtures had 5% 

silica fume and a water to cementitious solids of 2.7. 

 

Table 2.2 

Mix Design Detail 

 Mix Design 1 Mix Design 2 
Water Cementitious 

Ratio 2.7 2.7 

Water 829 g 829 g 
Cement 2040 g 1224 g 

Silica Fume 169 g 169 g 
Fly Ash - 816 g 

Superplasticizer 5.25 ml - 
 

 

Procedure 

Samples were prepared by three different methods to evaluate the interaction 

between the processing and the interfacial bond development.  These procedures include 

the cast, the pultrusion, and vacuum mixing procedures.  The all the specimens were 

made in a single mold with dimensions of 10 x 6 inches (254 x 152.4 mm) as shown in 

figure 2.2.  The thickness of the mold was adjustable since its sides were made of thin 

strips and several strips could be used to make up a specific thickness.  In the cast 
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procedure which was the control process, the paste mixture was poured into the mold in 

several layers, layer by layer.  The mix was first poured into the mold and then a fabric  

layer was laid on it.  This was followed by another layer of paste (Fig. 2.3).  In the 

pultrusion process, the fabrics were passed through a cement bath, and then pulled 

through a set of rollers to squeeze the paste in the openings of the fabric and remove 

excessive paste (Fig. 2.4).  Then, the fabrics were laid on the cement in the mold.  The 

third procedure was done by using the vacuum (Fig. 2.5) mixing process.  After the 

ingredients were blended in a stationary mixer, the fresh mixture was transferred to a 

container and additional mixing was conducted under vacuum.  The mix was vacuumed 

for two minutes to take out the air babbles inside.  The mix was then pored into the mold.   

The specimens were removed from the mold after 24 hours, and kept in an oven at 80 oC 

with a RH about 100%.  2 days after steam curing, the samples were cut to the specified 

embedded fiber lengths using a water cooled saw with a diamond edge blade as shown in 

figure 2.6.  The specimens were stored in room temperature until the time of testing.   
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(a)

(c) (f) 

(e)

(d) 

(b) 

 

Fig. 2.3. Sample Preparation (a) Step 1 (b) Step 2 (c) Step 3 (d), (e) and (f) Close up of 

(a), (b) and (c) 
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Fig. 2.4. Pultrusion process 
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(a) (a) 

(b) 

 

Fig. 2.5. Vacuum (a) Side view (b) Top view with lid off 
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Specimen 

The dimensions of specimens were 1.0 inch wide by 0.32 inches thick (25.4 mm 

wide by 8.1 mm thick) as shown in figure 2.7.  The experimental design matrix is shown 

in table 2.3 listing all the variables studied.  There were four types of fabrics, two 

formulations for matrix, and three procedures to make the samples.  In addition, there 

were two different embedded and three different free fiber lengths used.  The test was 

conducted by pulling out 8 yarns or 1 yarn from the matrix.  For the case of 1 yarn 

condition, a yarn is pulled out from the matrix embedded as fabric or a yarn condition.  

The details of each sample are in table 2.3.  Two embedded lengths of 0.3 or 0.5 inches 

(7.62 or 12.7mm) were used. 

0.3”or 0.5”

0.32” 

Free fiber
length

Embedded
fiber length

1.0” 

Fig. 2.7. Schematic drawing of a specimen 
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Table 2.3 

Summary of Specimens 

8 yarns 

Fabric Mix Procedure 
Free 

length 
(inch) 

Embedded 
length 
(inch) 

Sample ID 

AR-glass Control Cast 1 0.5 G105 
AR-glass Control Cast 2 0.5 G205 
AR-glass Control Cast 3 0.5 G305 
AR-glass Control Pultrusion 1 0.5 GP105 
AR-glass Control Vacuum 1 0.5 GV105 
AR-glass w/ FA Cast 1 0.5 FG105 
AR-glass w/ FA Pultrusion 1 0.5 FGP105 

PP Control Cast 1 0.3 PP103 
PP Control Cast 1 0.5 PP105 
PP Control Cast 2 0.5 PP205 
PP Control Cast 3 0.5 PP305 
PP Control Pultrusion 1 0.3 PPP103 
PP Control Pultrusion 1 0.5 PPP105 
PP Control Vacuum 1 0.3 PPV103 
PE Control Cast 1 0.5 PE105 
PE Control Cast 2 0.5 PE205 
PE Control Cast 3 0.5 PE305 

PVA Control Cast 1 0.3 PVA103 
PVA Control Pultrusion 1 0.3 PVAP103 
PVA w/ FA Pultrusion 1 0.3 FPVAP103 
PVA w/ FA Pultrusion 1 0.5 FPVAP105 

 

1 yarn 

Fabric Mix Condition Procedure 
Free 

length 
(inch) 

Embedded 
length 
(inch) 

Sample ID 

PP Control Yarn Cast 1 0.3 PPY103 
PP Control Yarn Pultrusion 1 0.3 PPPY103 
PP Control Yarn Vacuum 1 0.3 PPVY103 
PP Control Fabric Cast 1 0.3 PPFY103 
PP Control Fabric Pultrusion 1 0.3 PPPFY103 
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2.1.2 Test Procedure and Data analysis 

Pullout tests were carried out using the setup as shown in figure 2.8.  The lower 

portion of the test grip was a rectangular piece with a slot to allow for the insertion of the 

fabric. Individual samples were inserted inside this grip such that the free length portion 

of the fabric was protruding out and clamped by the frictional grips at the top (see figure 

2.9).  The test was conducted by pulling the fabric out and resisting the load by reacting 

against the lower grip.  The test was conducted using a constant displacement rate of 0.25 

mm/sec.  The test was continued until embedded fabric was completely pulled out.   

 

Fig. 2.8. Setup for pullout test 
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(b) 

(a) 

Zoomed Up 

 

Fig. 2.9. Specimen set up (a) Specimen under grips (b) Close up of (a)
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The load and deformation data thus obtained were smoothed using a five point smoothing 

operation as follows: 

( 21125
1

++−− ++++= iiiiii xxxxxX )      (2.1) 

where Xi is the smoothed data at ith point and xi-2, xi-1 and xi+1, xi+2 are the data points 

before and after ith point.  Five data points, two points before and two after the target  

point, are necessary to smoothen the data.  Therefore first two and last two data points 

were kept as it is.  Then, the data were reduced to 50% of the total data using cubic spline 

interpolation to reduce excess data for easier handling.  Total number of acquired data 

was about 700 points.  Finally, the load-deformation results were used to calculate the 

initial slope of the graph (K), toughness and maximum shear strength, τmax.  τmax was 

calculated using the following equation 

dln
P
π

τ max
max=         (2.2) 

where,  Pmax is maximum load, n is number of yarns pulled out, d is diameter of a yarn 

and l is the embedded length of a yarn.   

 

2.1.3 Results 

Table 2.4 shows the summary of experiment results.  The experimental results 

(deformation versus load) are shown from figure 2.10 to 2.16.  Figures 2.10 to 2.14 show 

the results of eight yarns pullout.  Figure 2.15 and 2.16 are for the single yarn pullout.   
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Our results suggested that the increase in free fiber length reduces the stiffness 

proportionally as seen in figure 2.10.  The ratio of reduction depended on type of fabrics 

(AR-glass, PE and PP) used as seen in each figure 2.10a, b and c.   

It was observed that the AR-glass fabrics required the highest load (≈ 38 lbf) to 

pullout the yarns (Fig. 2.11).  PP was slightly less than AR-glass fabric (> 36 lbf), while 

PE required less than 50% of the load (<17 lbf) compared to AR-glass.  However, PE 

fabrics had the highest toughness at more than 9 lbf-inch.  This compared to AR-glass at 

less than 5 lbf-inch and PP at about 8 lbf-inch as seen in table 2.4.   

Figures 2.12a, b, and c show the effect of use of fly ash (mix design 2) as compared to 

control mixture (mix design 1) for AR-glass or PVA fabric.  The specimens with AR-

glass and PVA fabrics were manufactured using the normal casting procedure, and/or 

pultrusion bath.  For the case of AR-glass fabrics with cast procedure, use of fly ash 

resulted in higher load capacity (≈ 17 lbf higher than mixtures without fly ash).  AR-glass 

fabrics with pultrusion bath also showed a similar trend.  Maximum load for mix design 2 

was almost 40% (13 lbf) higher than mix design 1.  In contrast, in the case of PVA with 

pultrusion procedure, mixtures without fly ash showed a higher maximum load (> 60 lbf) 

than with fly ash (≈ 50 lbf).  However, it was observed that in most of the samples with 

mix design 2 the bond was so well developed that the fabrics fractured as opposed to 

pullout. 

Figure 2.13 showed that the load-slip responses depend to a great extent on the 

manufacturing process employed.  This was verified further in PP fabric case.  When 

pultrusion bath was used to make the samples, the maximum load was two times higher 
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(≈ 25 lbf more) for both 0.3” and 0.5” embedded lengths than cast procedure.  The 

toughness was also improved to levels as high as 3 lbf-inch.  When vacuum mixing was 

used, the improvements were not as visible as compared to the pultrusion bath.  On 

average, vacuum samples are less than 2 lbf higher than control procedure (of all the 

samples).  Use of vacuum for AR-glass fabric resulted in increase of maximum load by 

more than 20 lbf.  However, AR-glass fabric did not show the clear difference like PP 

when pultrusion bath was used.  As a matter of fact, average of maximum load for the 

AR-glass fabric with pultrusion bath was slightly less (≈ 5 lbf) than that of control 

procedure for mix design 1.  This might be attributed to the damage imparted to the AR-

glass fabric during pultrusion.  When the mix design 2 was used for AR-glass fabric, 

while samples made by pultrusion bath were reduced by nearly 9 lbf in maximum load, 

results were still higher than the cast procedure with mix design 1 (> 7 lbf).   

In all the samples, the increase in embedded length resulted in the increase of 

maximum load as seen in figure 2.14.  The relative magnitudes of increase were different 

for each case.  PP with cast procedure and mix design 1 increased by 48% (> 10 lbf) 

when embedded length was increased from 0.3” to 0.5”.  Similarly, PP with pultrusion 

bath and mix design 1 increased by 13% (≈ 7 lbf), and PVA with pultrusion bath and mix 

design 2 increased by 44% (> 22 lbf).   

Figures 2.15 and 2.16 show the results of a PP yarn pullout test conducted while 

the yarn was within the woven fabric compared to a stand-alone condition.  In each case, 

a single yarn was pulled out from the matrix, and figure 2.15 shows the difference of 

these two conditions. Pulling a single PP yarn out from the matrix embedded as woven 

 



 27

needed higher load (nearly 1 lbf) than from the one embedded as a yarn.  Figure 2.16 

shows the effect of different procedures (cast, with pultrusion bath and with vacuum).  

When a single yarn was pulled out from the matrix, the maximum load for cast procedure 

was lowest (< 6 lbf) among the three procedures.  The highest maximum load was nearly 

9 lbf, and occurred for vacuum samples, possibly due to the lower porosity at the 

interface transition zone.  Samples made with pultrusion bath needed more than 6 lbf to 

pullout a yarn.  When fiber was embedded as woven, pulling a yarn from the samples in 

pultrusion bath procedure required nearly 3 lbf higher than with the cast procedure.   
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Fig. 2.10. Deformation vs. load for different free fiber lengths (a) AR-glass (b) PP 
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Fig. 2.10. Continued 
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Fig. 2.12. Deformation vs. load for different mix designs (a) AR-glass with cast 

procedure (b) AR-glass with pultrusion procedure (c) PVA with pultrusion 

procedure 
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Fig. 2.12. Continued 

 

0 0.2 0. 0.6 0.8
Defo

4
rmation (inch)

0

20

40

60

Lo
ad

 (l
bf

)

PVAP103
FPVAP103

(c)

 



 32

 

 

 

 

 

n vs. load for different processes (a) AR-glass with mix 

design 2 and embedded length 0.5” (b) AR-glass with mix design 1 and embedded 

length 0.5” (c) PP with mix design 1 and mbedded length 0.3” (d) PP with mix 

design 1 and embedded length 0.5” (e) PVA with mix design 1 and embedded 

length 0.3” 
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Fig. 2.13. Continued 
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Fig. 2.13. Continued 
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Fig. 2.14. Deformation vs. load for different embedded lengths (a) PP with cast 

procedure (b) PP with pultrusion procedure (c) PVA with pultrusion procedure 
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Fig. 2.14. Continued 

 

 

Fig. 2.15. Deformation vs. load for a yarn pullout (yarn embedded as woven or 

single yarn) 
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Fig. 2.16. Deformation vs. load for a yarn pullout with different procedures (a) 

Embedded as a yarn (b) Embedded as woven 
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2.2 Scanning Electron Microscope 

2.2.1 Procedure 

To understand the patterns of fiber debonding, and to study the surface on the 

specimens, the fracture surfaces of the tested specimens were examined using a scanning 

electron microscope.  The JEOL SEM 840 scanning electron microscope was used to 

study the characteristic of fabric surface as well as the fabric matrix interface.  Samples 

were conditioned in an oven at 80 degree Celsius for about one day to remove the 

moisture.  They were then coated by gold film using a sputtering technique to make the 

surfaces conductive.  The standard procedures for examining samples under scanning 

electron microscope were followed.  All the observations were noted down.  

 

2.2.2 Results 

Figure 2.17 shows the surface topography of a groove where AR-glass fabric’s 

yarn was pulled out.  As it can be seen, samples with the use of pultrusion bath have a 

rougher surface compared to those manufactured with the cast procedure.  The surface 

characteristics of a pulled out yarn is shown in figure 2.18.  Yarns pulled from the matrix 

using pultrusion bath showed that the fibers had significant amount of cement attached 

around them.  However, yarns pulled from the matrix with the cast procedure retained the 

here 

fill and warp yarns are attached (anchorage portion).  The lower portion of the yarn as 

seen in the figure (bottom half of the yarn in figure 2.19) indicating that the coating at the 

anchorage zone has failed.  This is possibly due to high strains at this level.   

polymer coating around them.  Figure 2.19 represents the part of pulled out yarn w
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The groove left by the fabric in the matrix done with the cast procedure did not 

y as the groove made in the matrix of pultrusion procedure.  This case is 

shown  

 

show as clearl

for the for PP fabric (Fig. 2.20).  The yarn in the matrix did not get pulled out as

shown in figure 2.21.  The yarn in the matrix, in pultrusion bath, was covered with more 

cement than in cast procedure case as was the case in anchorage portion of yarn (Fig. 

2.22).  The surface of pulled out yarn from the matrix in cast procedure was much 

smoother than the one with pultrusion procedure and had less cement attached around it

as shown in figure 2.23.   
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40

Fig. 2.17. AR-glass fiber groove near the free fiber (a) Cast procedure (x 200) (b) 

Pultrusion bath (x 200) (c) Cast procedure (x 1000) (d) Pultrusion bath (x 1000) 

(b)

(a) 
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Fig. 2.17. Continued 

 

(c) 

(d) 
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Fig. 2.18. Pulled out AR-glass fiber (x 1000) (a) Cast procedure (b) Pultrusion procedure 

(

(b) 

a) 

 



 43

 

 

 

 

 

Fig. 2.19. Anchorage portion at pulled out AR-glass from cast procedure (x 200) 
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(a) 

(b)

 

Fig. 2.20. PP fiber groove near the free fiber (x 500) (a) Cast procedure (b) Pultrusion 

procedure 
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Fig. 2.21. PP fiber in matrix (x 500) (a) Cast procedure (b) Pultrusion procedure 

 

(a) 

(b)
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Fig. 2.22. PP Anchorage (x 200) (a) Cast procedure (b) Pultrusion procedure 

 

(a) 

(b)
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ulled out PP fiber (x 1000) (a) Cast procedure (b) Pultrusion procedure 

(b) 

(a) 

 

Fig. 2.23. P
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2.3 Discussion 

Experimental results showed that depending on the length of free fiber, stiffness 

changes and rate of change as a function of length is also affected by the type of fabric.  

This suggests that, one should be concerned in translating the results of pullout tests with 

free fibers to tensile tests without free fibers.  However, we do think that this is possible 

with some modifications.  The modification of pullout test results to tensile test is 

discussed in the following chapter.  

Increase in embedded length increases the pullout load by increasing the surface 

area which experiences the frictional shear stress in the specimens.  This explains the 

necessity of higher load to pullout the yarns whose embedded length is longer.  

Changing the fabrication process affected the results and enabled us to compare 

between several possible situations.  In the case of AR-glass fabrics which had the largest 

fabric opening, the results do not change much and use of vacuum shows the highest τmax.  

In contract, in the case of PP (0.3” embedded length), difference is significant and use of 

pultrusion bath shows the highest τmax.  This is perhaps due to the tight knit nature of this 

fabric.  In several cases, during the pullout test, we observed broken yarn or/and 

filaments which drew our attention to the nature of failure of the fabrics.  For example, 

PP with pultrusion procedure with 0.3” embedded length does not have any broken yarn 

and show that the load increases significantly compared to the cast procedure case.  

However, AR-glass fabric case had many broken yarns for the specimens with pultrusion 

procedure.  This might explain the significantly smaller maximum loads which would be 

cedure interpreted as much smaller τmax values.  The case of PP fabric with pultrusion pro
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with embedded length of 0.3” did not have any broken yarns but 0.5” did have some 

roken yarns.  As a result, specimens made under similar conditions, τmax for 0.5” 

embedded length resulted smaller values even though maximum load was higher.  

However, from the SEM results, yarn in the matrix with pultrusion procedure had rough 

surface and had more cement attached in both, AR-glass and PP fibers. This explains that 

there was more friction caused in the matrix with pultrusion procedure and increase of 

friction might have resulted in broken yarns.   

Peled and Mobasher (2003) studied the effect of addition of fly ash in the mix 

design and showed, addition of fly ash improves toughness and strength of the fabric 

reinforced concrete under tensile test.  Our pullout test results showed that by adding fly 

ash τmax can be increased.  It means that fly ash does help in the improvement of 

interfacial shear bond as well as toughness and strength.   

From the results of one yarn pullout test it was clear that pulling out a yarn from 

the matrix embedded as a yarn needs less load than woven conditions.  This result agrees 

with the study of Peled et al. (1994).  This, however, means pullout model needs to be 

modified to predict load and deformation for woven case.   

b

 



 
CHAPTER 3 

PULLOUT MODEL 

 

Experimental results discussed in preceding chapter were verified by 

mathematical models of pullout.  A modified shear lag approach is used to simulate the 

response of a fabric pullout from the matrix.  The criterion for growth of the debonded 

fiber/matrix interface is expressed in terms of the interfacial stress, and three conditions 

of debonding, failure, and frictional pullout are modeled as a stress based approach.  The 

model has been discussed in detail in this chapter and the simulated results are compared 

with experimentally obtained data from the pullout experiments.  The model is comprised 

of two parts, the yarn condition and the woven condition. 

 

3.1 Description of the model 

3.1.1 Yarn Condition 

The model used for predicting the pullout response for yarn condition has three 

stages.   

a. first stage – bonded condition 

b. second stage – bonded and debonded transition, and 

c. third stage – frictional slip condition 

 

In the first stage (bonded condition), it is assumed that the interface between the 

fabric and the matrix is perfectly bonded.  In the second stage (bonded and debonded 

transition), debonding starts when the interfacial shear stress reaches the ultimate shear 
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stress τmax.  The shear stress over the debonded region is replaced by the frictional stress 

τf, which is assumed to be a linear function of the contact pressure p at the interface.  As 

the load is increased, the debonding zone extends over the entire interface.  The 

maximum load is achieved under partial debonding conditions.  Once completely 

debonded, frictional forces are the only means of resisting the slip.  In the final stage 

(slipping condition), the static frictional stress was replaced by a dynamic frictional 

stress, τd which was lower in magnitude.  The load-slip relationship in this range is a 

linear descending model.   

Gresczuk (1969), derived the relationship between fiber-matrix interfacial shear 

stress, τ, and embedded fiber length in a pullout test specimen as:  

( [ ]
2
Px sinh(αx)- coth(αL)cosh(αx)

r
ατ
π

) =     (3.3) 

where, 









=

fi

i

rEb
G2α .  In the above formula, P is the tension load applied on the fabric, r 

is the equivalent radius of the composite fabric, bi is the effective width of the interface, 

Ef is the modulus of elasticity of filament in the fiber direction, Gi is the shear modulus of 

the interface layer at the interface, and L is the length of the embedded fabric in the 

matrix. 

Mobasher et al. (2003) derived the displacement U between the interface layer 

and the fabric for a bonded condition by integrating the strain difference along the 

terface as  in

)( 222 απαπ srrEsrE ssf −
.4) ]1[)( 2222 cscPccsPU −−+−+−=    (3
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where, sinh(s = )α , L cosh( )c Lα= , rbr is +=  and Es is the modulus of the interface 

layer.   

 Stang (1990) derived the fiber displacement for the condition of existence of both

bonded and debonded zone (see figure 3.1) as 

( )
( )2

cosh
sinhf d

P a x
E r L L

τ ω
π ω ω
−

−  

fP aτ−

( ) fU x = , ( )0 dx L L≤ ≤ −   (3.5) 

( ) ( ) 2
2 2( ) coth ( )f f

d d

P L
U x L L L L L L

E r E r E r
τ τ

ω
π ω π π

−
= − − − −    2 d−

2f f f

2f fP L
x x

τ τ−
+ + , ( )L L x L− < ≤   (3.62 22f fE r E rπ π d ) 

where, 
rE f π

2
Giω =  and Ld is the length of debonding zone.  In the case of the 

( ) ( ) 2coth
f d

f d

f f

P LP L
U L L L L

ττ
ω

−−
= − +     (3.7) 

the load is increased  reaches max as expressed by the equation below  

( ) ( )cosh
f d

x
P L

ω
τ τ ω= − , ( )0 dx L L≤ ≤ −   (3.8) 

d p

displacement at the fiber end U(L) is give by 

2 2

1

d dE r E rπ ω π 

After debonding occurs, the debonding zone extends over the entire interface.  As 

τ τ

( )sinh dL Lω −  

Once completely debonded, fiber starts pulling out by slipping.  Pulling force is 

calculated by following equation: 

)L        (3.9) 

where, Lp is the length of pull out fiber.  Using this P, deformation can be expressed as 

2 (P r Lτ π= −
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0 2 2 2( )p p sU U L L L
E r E r E r E r rπ π

= + + + − −
−

2 2
s d s d

f f f s s

P P L rLτ τ

where, U0 is the deformation which occurred in stage 1, stage 2, Lp is the length of 

out fiber and Ls is the length of slipping fiber.   

The flow chart of model is in figure 3.2.  First, load is imposed.  Then, interfacial 

shear force τ and deformation U are calculated using equation3.1 and 3.2.  If τ exceeded

τmax, the second stage starts.  Since specimen st

2   (3.10) 

pull 

 

arts debonding, the debonding length Ld is 

impose

he 

 

 

d.  Using equation 3.5 and 3.6, τ and U are calculated.  If τ is over τmax, Ld is 

increased incrementally and continue until Ld exceeds embedded length L.  When all t

embedded yarns are debondded, yarn starts pulling out.  At this stage, pulling yarn Lp is 

imposed incrementally and load is calculated by equation 3.7 until yarn pulls out 

completely.   

 

 

x
Bonded zone L-Ld 

Debonded
zone Ld

P 

Fig. 3.1. Mathematical model at stage-2 
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Fig. 3.2. Flowchart of yarn model 
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3.1.2 Woven Condition 

In the case of woven or bonded fabrics, the main flow (three stages of the model) 

is same as that of yarn condition. However, the second stage has been modified t

incorporate the additional load carrying capacity associated with the restraint due t

fill-yarns.  It is expected that the mode of failure in these composites is governed by 

sequential stages of debonding and failure of anchoring points as the crack propagate

from each junction of warp and fill to the next. 

It is understood that

o 

o the 

s 

 during debonding the following sequence of events take place 

as the l

tion is reached. 

b. Load transfer to the fill yarn at the junction.  In the woven fabrics this may be 

due to the curvature of the warp yarn causing additional anchorage.  In the 

case of the bonded fabrics, this strength is due to the strength of the interface.  

In both cases, there is s certain degree of support offered by the fill yarn in 

for 

 can be expressed as 

oad increases:  

a. Debonding along the length of yarn until a fill-warp junc

carrying the load through bending. 

c. Failure of the joint, followed by extension of the debonding to the next fill 

yarn. 

 

The approach proposed here is to model the fill yarns as a beam on elastic 

foundation subjected to a concentrated load (Fig.3.3).  The deflection at the middle 

the condition

)sin()sinh(
2)cos()cosh(

2 ll
ll

k
P

λλ
λλλδ

+
−+=      (3.11) 
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where, 4
4EI

k=λ  and .  k0 is the modulus of foundation in lbs./in , b is the 

constant width of the beam in contact with the foundation and EI is the flexural rigidity of 

the beam.  In the present approach, b is considered as thickness of yarn and I is calculated 

from fill-yarn geometry (Hetényi, 1983).  k0 and E are considered as the values related to 

matrix and fiber interface, respectively.  The abo

0bkk = 3

ve equation can be rewritten as  

2)cos()cosh(
)sin()sinh(2
−+

+=
ll

llkP
λλ
λλ

λ
δ      (3.12

When length of debondding exceeds spacing of the fill yarns, P is calculated and 

added as the force needed to overcome the restr ning of fill-yarns at  

However, anchorage can not exceed certain load condition.  When load transferred 

through the anchorage zone exceeds the strength, anchorage fails, and debonding is 

hart of stage 2 is in figure 3.4.   

The strength of anchorage was obtained experimentally.  Figure 3.5 was obtained 

by pulling out the yarn whose sides were clipped as seen in the fig

s spacing of the fill yarns, P is calculated and 

added as the force needed to overcome the restr ning of fill-yarns at  

However, anchorage can not exceed certain load condition.  When load transferred 

through the anchorage zone exceeds the strength, anchorage fails, and debonding is 

hart of stage 2 is in figure 3.4.   

The strength of anchorage was obtained experimentally.  Figure 3.5 was obtained 

by pulling out the yarn whose sides were clipped as seen in the fig

) 

ai  the stage 2. ai  the stage 2. 

allowed to extend to the next joint.  The flowcallowed to extend to the next joint.  The flowc

ure 3.6.  The strength ure 3.6.  The strength 

P
Ld

U

Anchorage

Fill-yarn

L

Fig. 3.3. Mathematical model for woven condition 
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of anchorage has been indicated in the figure 3.5.  Experiments were conducted using 

similar equipment as for the pullout test.  However, the bottom grip was changed to grip 

 

 

the plate as shown in figure 3.7.   
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Fig. 3.4. Flowchart of woven model at stage-2 
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Fig. 3.5. Strength of anchorage (a) AR-glass (b) PP  
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bottom grip. 

 

Plate  
attached to the 

top grip.  

Fiber 
Going to the 

Fig. 3.6. Schematic drawing of specimen   

Fig. 3.7. Setup for pullout test 
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3.2 Modification of Experimental Results 

Before comparing the experiment results with calculated results from the models, 

experimental results were modified to correct for the stiffness of the free length of the 

brics.  This modification is due to the consideration of geometrical difference between 

ullout and tensile tests.  The samples for pullout test have free fiber portions that do not 

xist in tensile samples.  However, the length of free fiber affects the results of pullout 

st as shown in chapter 2.  Proper accounting for this difference is necessary to extend 

e pullout to tensile results.   

To modify the results of pullout test, the following steps have been applied.  First, 

the fiber length versus the slope of deformation-load, 1/K, was plotted as shown in figure 

3.8 and trend line was obtained.  Using the slope of the trend line, 1/Kl, the intercept of 

the curve was obtained and considered as the stiffness of the fabric with a zero free length 

condition by the following equation,  

fa

p

e

te

th

l

f

K
l

Pdd −=2        (3.13) 

where, d2 is the displacement for zero free fiber length, d and P are the displacement and 

load from the experimental results respectively and lf is the free fiber length used for the 

experiment.   

Derivation of this equation is provided below.  A Pullout sample has two parts, 

free fiber and matrix which have different stiffness K1 and K2 and deformations d1 and d2, 

respectively.  This condition is expressed by the generalized stiffness formulation as: 

11dKP =  
1

1 K
Pd =       (3.14) 
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22dKP =  
2

2 K
Pd =       (3.15) 

where, K1 and d1 differ depending on the length of free fiber.  The relationship between 

K1 and free fiber length is obtained exper  as the slope, 1/Kl.  The plot of 1/K as 

the function of free fiber length as shown in figure 3.8.  If free fiber length is lf, then 1/K1 

can be expressed as  

imentally

l

f

K
l

K
=

1

1         (3.16) 

Let summation of deformation, d1 d which is the obtained from 

the experiment.  d2 is the deformation of no free fiber condition.  Since 1/K  can be 

obtained experimentally by taking different free fiber lengths, d1 can be obtained by 

calculation.  Therefore pressed as 

 and d , equal to 2

l

, d2 is ex

fl
Pdddd −=−= 12  

lK
     (3.17) 

1  usin own in 

Figure 3.1.   1.118e-5 lbf-1, 1.211e-2 lbf-1, 

respectively.  Using th es, each free fiber length (1, 2 and 3 inches) for each fabric 

is modified gth.  As seen in figure 2.10 in Chapter 2, 

different free fiber lengths r d different stiffness values.  However, by modifying the 

sults, the different stiffness values could be modified as that from the free fiber length 

t zero (figure 3.9), indicating that the stiffness values are relatively the same for these 

/Kl for glass, PP and PE are obtained 

1/Kl for glass, PP and PE are

g the experimental results as sh

8.986e-4 lbf-1 and 

ese valu

 to reflect the zero free fiber len

eturne

re

a

specimens.   
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Fig. 3.8. Free fiber length vs. 1/K (a) AR-glass (slope: 1.118e-4 lb
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Fig. 3.8. Contin

 

 

Fig. 3.9. Modified deformation vs. load (a) AR-glass (b) PP (c) PE  
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3. 3 Results 

The geometrical values used to calculate the load and deformation are given in 

and shown in figure 3.5.  The value for τmax was obtained from the experimental results 

by dividing the maximum

Figure 3.10 is comparison of experimental and mathematical results for glass, PP and PE 

fabrics.  Figure 3.10 shows two mathematical results obtained from yarn and woven 

models.  As clearly seen in the figure, model for a yarn predicted less pullout load than  

 

Table 3.1 

Geometry of Fabrics 

Fabric

table 3.1 and 3.2.  The values in table 3.2 were obtained by curve fitting the calculation 

results with experimental results except for the strength for anchorage.  Strength of the 

anchorage zone is obtained by using the experimental results as described in section 3.2 

 force by the nominal area in shear and is given in table 2.4.  

 Height of Fill 
Yarn (inch) 

Thickness of Fill 
Yarn (inch) 

Distance between 
Yarns (inch) 

Number of Fill 
Yarn per 1 inch 

Glass 0.070 0.014 0.150 5 
PE 0.010 0.014 0.010 16 
PP 0.015 0.010 0.015 7 

Fabric (MPa) (MPa) (MPa) Foundation 
3 Anchorage (N) 

Glass 

 

Table 3.2 

Values for Mathematical Calculation  

E for Matrix E for Fiber E for Beam E for 

(N/m ) 

Strength for 

78600x0.04 2000 9 
PE 1760x0.1 0.1 1 
PP 

4000 
6900x0.2 3.5 

4000 
4 
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woven fibers.  The yarn model calculated the maximum load of nearly 30 lbf for glass 

fabric compared to the woven model, 45 lbf, that was nearly identical with the 

experimental results.  Similarly, for PP fabric, the yarn model calculated approximately 

20 lbf of maximum load and the woven model was more than 35 lbf.  For PE fabric, the 

yarn model calculated ≈ 14 lbf and the woven model calculated ≈ 17 lbf.    

Based on these results, we were able to find the parameters for beam on elastic 

foundation presented in table 3.2.  Using these values, the sensitivity of the model to the 

embedded length was studied as seen in figure 3.11.  PP fabric with normal procedure 

showed high sensitivity of fiber embedded length but PP fabric with pultrusion bath 

predicted less than the experimental result (by ≈ 10 lbf).  Since there were some 

differences in τmax between 0.3” and 0.5” embedded length for PP with pultrusion bath as 

seen in table 2.4, using the experimental result of τmax, the load and deformation were 

calculated (Figure 3.12).  The result showed that the use of experimental result of τmax (= 

2.91) improved the maximum load to nearly 50 lbf that was nearly identical with the 

experimental result.   

To get the effects of different procedures, based on the normal condition, 

pultrusion bath procedure was calculated by changing τmax obtained from the experiment.  

These results returned much smaller values than experimental results as see in figure 

3.13.  For PP with both 0.3” and 0.5” embedded lengths, the maximum load obtained was 

nearly 15 lbf less than the experimental result.  To fit the calculation results with the 

experimental results, strength of anchorage was changed since this was the most sensitive 

parameter in increasing the load.  In figure 3.14, the calculation results could fit with the 
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experimental data by increasing the strength of anchorage from 0.9 lbf (4 N) to 1.6 lbf (7 

N).  Figure 3.15 shows the data for PP with the vacuum and the strength of anchorage 

was increased from 0.9 lbf (4 N) to 1.2 lbf (5.5 N).  When 0.9 lbf was used, the calculated 

maximum load was ≈ 27 lbf that nearly 5 lbf less than the experimental result.   

Figures 3.15 and 3.16 are for glass fabric case.  In the case of glass fabrics, 

mathematical calculation and experimental results fitted well without changing the 

strength of anchorage.  The different results obtained by changing the mix design in the 

experiments were also simulated well by the models using the appropriate τmax as seen in 

figure 3.16.   
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Fig. 3.10. Comparison of experimental and mathematical results (a) AR-glass (b) 

PP (c) PE (Expt. - experimental results, Math. Yarn - mathematically simulated 

result using one yarn concept, Math. Woven - mathematically simulated using 

woven concept) 
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Fig. 3.10. Continued 

 

0 0.2 0.4 0.6 0.8 1
Deformation (inch)

0

4

8

12

16

20

Lo
ad

 (l
bf

)

Expt. 
Math. Yarn
Math. Woven

(c) PE

0 0.1 0.2 0.3 0.4 0.5
Deformation (inch)

0

10

20

30

40

50

Lo
ad

 (l
bf

)

Expt. 
Math. Yarn
Math. Woven

(b) PP

 



 71

 

 

Fig. 3.11. Sensitivity of the woven model for embedded length (a) PP with cast 

procedure (b) PP with pultrusion procedure  
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Fig. 3.12. Usin
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Fig. 3.13. Effect of different procedures for PP (a) Pultrusion bath, embedded 

length – 0.3”, E (beam) – 5.5 MPa (b) Pultrusion bath, embedded length – 0.5” (c) 

Vacuum, embedded length – 0.5” 
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Fig. 3.13. Continued 
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Fig. 3.14. Fitting the mathematical results to experimental resu

strength of anchorage (a) Pultrusion bath, embedded length – 0.3”, E, beam – 5.5 
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Fig. 3.14. Continued 
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Fig. 3.15. Effect of different procedures for AR-glass (a) Pultrusion (b) Vacuum 
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Fig. 3.16. Experimental and simulation results for mix design 2 (a) Cast procedure 
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3.4 Discussion 

In the case of woven fabrics, there was a significant effect of fill-yarn as shown 

by the experimental results.  This can be explained by the calculation results computed by 

both straight yarn and woven yarn models.  Using the straight yarn model, the maximum 

load was predicted much lower.  However, by adding the fill-yarn condition as an elastic 

beam, maximum load fitted well with the experimental results as shown in figure 3. 3.   

Since specimen under tensile test starts cracking from the center and cracks 

increase as load increases, embedded length (between crack to crack) changes while the 

free length of the fabric is nearly zero for all the cases.  To implement the pullout model 

into tensile model, it is important that the pullout model is sensitive to the embedded 

length.  Figure 3.4 shows that the woven model corresponded well to the embedded 

length similar to the experimental results. From this, we can argue that the sensitivity of 

woven model for the embedded length was quite high.  However, as we saw in figure 

3.4b, the simulation result of PP with pultrusion bath did not match well with 

experimental data.  When τmax was changed to match the experimental result, the 

simulation result was at similar range with the experimental result.  This suggests that it 

is important to use appropriate τmax in models.   

The simulation results for load and defor ation for vacuum and pultrusion based 

on normal procedure did not match well with the imental results.  To fit with the 

experimental results, it was necessary to increase the strength of anchorage to reflect the 

importance of this parameter in transferring the load to the matrix.  Evaluation of the 

micrographs based on the SEM study showed that use of pultrusion bath increased the 

m

 exper
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penetration of paste between the yarns, hence it is possible that the procedure positively 

affects the strength of the anchorage zone.  As seen in figure 3.10, the calculation result 

of glass fabric with pultrusion bath agreed well with experimental results without 

increasing the strength of anchorage.  This might also be explained by the condition of 

anchorage.  Fill-yarns of PP fabrics loop around yarns and the penetration of the matrix in 

this zon  affect the strength significantly as explained by figure 2.22.  In contrast, fill-

yarns of glass fabric are bonded to the yarns and the penetration of cement does not 

change the strength of this zone significantly.  The stiffness of the anchorage zone is only 

affected by the proper packing of the paste in the local vicinity of the anchorage zone.  

That may explain why it was not necessary to modify the strength of anchorage to 

correlate the experimental and theoretical results of AR Glass fabrics.   

e

 



 
CHAPTER 4 

SHEAR MODEL 

 

It is important to understand the mechanical properties of fiber reinforced 

concrete properly since there has been a rapid increase in the production of fiber 

reinforced concrete within the last fifty years.  Main mechanical properties of any fiber 

reinforced cement concrete are shear, tensile, compressive, fractures, and interfacial 

bonding between the cement and fiber etc.  One way to better understand such 

mechanical properties is by simulating the composite responses mathematically.   

In this chapter, we will discuss about a mathematical model we developed to 

calcula

with an experimental study done previously by Haupt (1997) and presented as a MS 

thesis under Dr. Barzin Mobasher at Arizona State University.   

 

4.1 Model 

As shown in figure 4.1, there are three major failure conditions for the fiber 

reinforced concrete.  The first failure is the initiation of matrix failure in the presence of 

fiber.  Concrete starts cracking from this point.  The second failure is the final failure of 

matrix in the presence of fiber.  At this point, concrete completely cracks and fiber alone 

carries the load.  Ultimately when fiber reaches its maximum strength, both concrete and 

fibers f  the load.   

After the first failure, the stiffness of the concrete decreases while stress increases.  

After crack starts, concrete can carry the load un l concrete cracks completely.  However 

te the shear force and deformation and will attempt to compare our simulation data 

ail and composite material is no longer carrying

ti



 82

becaus arts reducing. In the case of shear load, reduction in the 

shear m ss, since concrete and fiber are propagated 

by shear load. 

After the second failure, stiffness of the concrete reaches nearly zero and stress in 

the concrete starts reducing since concrete can no longer carry the load.  From this point, 

depending on the fiber direction, fiber starts carrying the load.  

The approach used in this study is the classical laminate theory that was extended 

by the first order approximations that overestimate the ply discount method (Talreja 

1986, Allen et. al. 1987).  A single ply is defined as a lamina and modeled as an 

orthotropic sheet in plane stress. The principal material axis are longitudinal to the fiber 

(denoted as 1), transverse to the fiber direction (denoted as 2), and normal to the lamina 

surface (denoted as 3) as shown for an “n” layer laminate in figure 4.2.  Geometrical axis 

are denoted as x, y and z in shown in figure 4.2.  Strain values are imposed and stress is 

*1 Initiation of Matrix Failure in the 
Presence of Fiber 

 
*2 Final Failure of Matrix in the 

Presence of Fiber 
 
*3 Total Composite Layer Failure 

Fig. 4.1. Failure condition of composite material 

*1

Strain 

St
re

ss
 

*3*2

Em 
σm 

Em ≈ 0 
σm 

e of cracks, stiffness st

odulus causes degradation in the stiffne
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calculated using the stress-strain relationship (the constitutive relation) incrementally.  

The constitutive relations for a general orthotropic material include the compliance 

matrix, S, or the stiffness matrix, Q, and relate the stress and strain within a lamina loaded 

in its principal directions (Jones, 1999).  Since the present model updates the elastic 

stiffness of the matrix due to propagation of laminates, an elastically equivalent 

compliance matrix S  is defined where the bar indicates use of updated elastic properties.  

In the term i
jkS  , parameter i represents the load increment, j is the direction of applied 

strain, and k is the observed stress.  The stress-strain relationship is represented in 

incremental form for each loading increment i, as following:   

i i
j jkSε σ∆ = ∆ i

k        (4.18) 

( ) 1 1i i i
k jk jSσ ε

− −= ∆ + i
kσ       (4.19) 

In matrix form, 

1 

hm-1 hm 

m

n 

x 

z or 3 

y 
1 2 

θ 

Fibers

Fig. 4.2. Definition of axes and plies 
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i

k k

σ

τ

12
11 12 22 66( ) ( ) ( ) ( )1 1 2 12

1 1S SE E E Gω ω ω ω

υ= = − = = 1  (4.21) 

where, E1(ω) and E2(ω) are the elastic modulus corresponding to the propagation damage 

at loading increment i in direction 1 and 2, respectively, G12(ω) is the shear modulus in 

the 1-2 plane, and ν12 is the major Poission’s ratio.  The elastic stiffness of the lamina, 

E1(ω), is obtained using "Rule of Mixtures", the sum of the contributions from each phase 

to the overall stiffness, as given by following equation: 

     (4.22) 

e 

y 

 

ow 

re 

 in 

S S

1 f f m f

where, Ef is the elastic modulus for fiber and Em(ω) is the elastic modulus of matrix 

corresponding to the damage and Vf is the volume fraction of fibers.  Due to low volum

fraction of fibers (normally less than 10%), the stiffness of the lamina is dominated b

matrix properties in the direction transverse to the fiber.  A general observation is that the

transverse stiffness (and strength) of an aligned composites are poor, especially in the l

fiber fractions studied here.  Calculation of the transverse modulus E2 and ν12 a

obtained using the Halpin-Tsai equations (Agarwal and Broutman 1990) as shown

equation 4.6.  A value of ξ = 0.2 is used in the present study. 

( ) ( )
( ) m fE V

E
ω

)
m

mE
ξ ξ η

ω
+ −

=    (4.23) 

If the stress (from equation 4.3) reaches the ultimate strength of concrete, concrete 

starts cracking and propagating between the concrete and fibers.  Because of crack and 

( ) ( )(1 )E E V E Vω ω= + −

2

1 ( )
1 (

f

f f

E E
V E

η
η ξ ω

=
− +

ω
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propagation, shear modulus and ultimately the modulus of elasticity of concrete are 

reduced using the equation, 

( )( ) 2 1m m mE Gω ν β= +       (4.24

where, ν  is the Poission’s ratio, G  is the shear modulus, and β is reduction factor which

At this condition, stress is calculated by using this reduced modulus of elasticity unti

concrete completely cracks.  

Once the concrete is completely cracked, concrete cannot carry any more load an

stress starts reducing.  The stress is reduced exponentially based on the strain value

this condition.  However, if fiber is at appropriate position, it continues t

) 

m m  

reduces exponentially based on the strain values.  In the present study, β is calculated 

using the following equation,  

)exp( xyεαβ −=        (4.25) 

where, α is used as an adjustable parameter and a value of 3000 is used in this study.   

l 

d 

s at 

o carry the load.  

As a result, stress in composite is calculated by 

mσ        (4.26) 

where, Vf is the volume of fiber, Ef is the modulus of elasticity of fiber, εf is the strain in 

fiber and σm is the stress in concrete. 

After calculating the stress, force per unit length of cross section, N, is calculated 

by calculating the lamina stiffness components using the following equations 

c f f fV Eσ ε= +

ijAN 0ε=         (4.27) 
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∑
=

−−=
n

m
mm

m
ijij hhQA

1

(
v

1)       (4.28) 

where, ε0 is the midplane axial strain,  is the stiffness along an arbitrary orientation θ 

at mth ply at ith incremental load in th  direction of applied strain, and hm and hm-1 are the 

hight of mth and m-1th ply respectively (Fig. 4.2).   is then obtained using the 

m
ijQ
v

e j

mQij

v

coordinate transformation and compliance matrix using the following equation,  

= RTRSTQ ijijij        

where, T is transformation matrix and R is Reuter matrix as shown below. 

111 −−− (4.29) 

( )
2 2

2 2mn mn m n

 

− − 

2 2 2
2

m n mn
T n m mn

 

= − 
 
 

      (4.30) 

θcos=m  θsin=n       (4.31) 

       (4.32) 

Since 
















=

200
010
001

R

ijS  is calculated by considering the matrix damage, ijA  also takes into 

account the fact that some of the layers have cracked or propagated.   

The flowchart of the model is given in figure 4.3.  The first failure (initiation of 

matrix failure) is checked using Tsai-Wu criteria defined in the following equations,  

2 2 2 1F F F F F F Fσ σ σ σ τ σ σ+ + + + − =1 1 2 2 11 1 22 2 66 12 11 22 1 2   (4.33) 
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where,  and  are the maximum tensile strength at direction 1 and 2 respectively, 

 and  are e maximum compressive strength in direction 1 and 2 respectively, and 

xim  shear strength in 1-2 plane.  Tsai-Wu criteria is called “interactive 

criteria” that takes into account the stress interactions.  This means that the failure loads 

with multi-axial stress in the material may well differ from those with a uniaxial stress.  

The second (the final failure of matrix in the presence of fiber) and third (total composite 

layer) failures are checked by the maximum stress criterion.  The maximum stress 

criterion consist of fiber sub-criteria, corresponding to the strength in each of the five 

fundamental failure modes.  If any one of these limits or criterion is exceeded by the 

corresponding stress expressed in the principal material axes, the material is deemed to 

have failed.  Since this criteria allows us to know which direction failed, stresses are 

updated considering the effect of fibers at the failure direction.  For the tensile failure at 

direction 1 at the second failure, ACK method is used to check the termination of the 

cracked matrix zone.  If the strain calculated by following equation, is more than the 

current iteration strain, cracked matrix is terminated and softening matrix zone started. 

1
Tσ

2
Cσ

 is the m

2
Tσ

 th

um

1
Cσ

12
Fτ a

2 312

c m m

E V
E E rV

τγ 

 

1

2
f f

umε =          (4.35) 

 



 88

where, γ  is the fractural fraction and  is the fiber radius. In the current study, r 0.5γ =  

has been used.  

The deformation is calculated by taking the differences in strain at each 

incremental load in diagonal direction.  Strains are transformed to the diagonal direction

using the transformation matrix (Equation 4.13) and θ is obtained using the following 

equation,  

s 

)(tan 1

h
l−=θ         (4.36) 

where e specimens.   , l and h are the length and height of th
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Impose Strain

Calculate 
Stress = (Imposed Strain) x (Stiffness Matrix)

If fiber is placed under tensile load, 
Strain at the increment > Strain ca

Otherwise 

Check No 

No 

Calculate 

Stress = Stress carried by the fibesr + Stress carried by the Matrix

Stress = Stress carried by the matrix 

Check 

Stress > The ultimate strength of concrete + The ultimate strength of fibers?

Stress > The ultimate strength of concrete? 

Yes 

Yes 

Sample failed 
Data collected

Calculate 
New reduced G and E based on the damage,

Stress using this new E 

Check 

Stress > The ultimate strength of concrete?  

Yes 

lculated by ACK method? 

Stress > The ultimate strength of concrete? 

If fiber is placed under tensile load, 

Otherwise 

Stress carried by the matrix starts reducing at this point 

If fiber is placed under tensile load, 

Otherwise 
No

Fig. 4.3.  Flowchart of shear model 
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4.2 Experimental Data 

To verify the model, simulation results are compared with experimental data 

obtained from the study by Haupt (199

technique.  The fibers have a Young’s modulus of 70 GPa with a single fiber tensile 

strength of 3600MPa and a strain at failure of 2%.  Mixture has 0.35 water to cementious 

solids ratio and 15% silica fume.  After specimens were made, they were cured for 28 

days in a calcium hydroxide water bath.  Then, they were cut into 16” long and 8” wide 

by the diamond blade saw as an individual specimen.  Pieces of U-channel steel were 

nder actuator stroke control (rate of 0.005 in/sec).  

Experim

he 

-45]s,[0/-45/45/90]s.  

    Fig. 4.4. Experiment set up 

7).  In the experiement continuous alkali-resistant 

(AR) glass fibers were used in the manufacture of composites using the filament winding 

glued by epoxy along the 16” length on the top and bottom.  After at least 24 hours of 

curing, tests were performed u

ent set up is as shown in figure 4.4.  Data for stroke, force and deformation 

across the two diagonals were obtained.  To measure the specimen deformation across t

two diagonals, two LVDTs were glued on each specimen.  The specimen lay ups were 

[0/90]s, [45/-45]s, [0/45/90]s, [0/-45/90]s, [0/45/

P 

LVDT-1 LVDT-2
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4.3 Results 

Table 4.1 lists the properties of the materials used for calculations.  The properties 

cal aller 

Figure 4.5 shows [0/90]s l

stiffness (Fig. 4.5).  The Strain at the maximum load was ≈ 0.06 in the experiment 

compared to about 0.01 in the simulation.  However, the results of maximum load 

differed only slightly.  Maximum load in th

in the simulation was nearly 1750 lbf. 

[45/-45]s lay up results matched

starts cracking (Fig. 4.6).  The load when matrix failed was approximately 3000 lbf for 

both experimental and mathem

continuously increased with decreased Young’s modulus in the mathematical results that  

for AR glass fibers were used.   

Figures 4.5 to 4.10 compare the experimental and mathematical results for 

deformation versus load.   Over all, the mathemati  results returned slightly sm

load than the experimental results however model simulated the trend well.   

ay up results.  There was a significant difference in the 

e experiment was approximately 2250 lbf and 

 quite well the experiment data until concrete 

atical data.  However, after matrix failed, load 

 

Table 4.1 

Constant Values for Calculation 

 Concrete AR Glass Fiber 

Modulus of Elasticity 1.5E6 psi 11.5E6 psi 

Poisson’s Ratio 0.17 0.25 

Ultimate Compressive Strength 5000 psi - 

Ultimate Tensile Strength 700 psi 522000 psi 
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was not seen in the experiment.  After matrix failed, load became nearly constant in the 

experiment. 

Figure 4.7 shows a good match between experimental and simulation results for 

[0/45/90]s lay up.  Both results showed that matrix failed at nearly 2000 lbf and after this 

point, load slowly increased.   

The simulation result for [0/-45/90]s was much smaller (< 2500 lbf) at the matrix 

fai

 lay 

 

lure than the experimental results (> 4000 .lbf) as seen in figure 4.8.   

The both simulaiton and experimental results for [0/45/-45]s lay up showed 

similar trends considering the slope of plots in figure 4.9.  However, simulation showed 

matrix failure at lower load (< 2500 lbf) than that of experimental (≈ 6000 lbf) case.   

Figure 4.10, [0/-45/45/90]s lay up, also showed similar results as [0/45/-45]

up.  The loads in experiments were ≈ 4000 lbf to 6000 lbf at matrix failure which were

larger than the calculated result of < 3000 lbf.   
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2500

Fig. 4.5. Experimental and simulation results for [0/90]s lay up 

 

Fig. 4.6. Experimental and simulation results for [45/-45]s lay up 
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Fig. 4.7. Experimental and simulation results for [0/45/90]s lay up 

 

Fig. 4.8. Experimental and simulation results for [0/-45/90]s lay up 
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Fig. 4.9. Experimental and simulation results for [0/45/-45]s lay up 

 

Fig. 4.10. Experimental and simulation results for [0/-45/45/90]s lay up 
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4.5 Discussion 

r the loads .  As seen in figure 4.11, when fiber is placed 

in -45 d ble to 

r 

ated result 

for [0/9

ntal 

der 

 the matrix.  In contrast, when [45/-45] lay up is 

calcula  

Figure 4.11.  Fiber direction and load direction 

As shown by Figure 4.5, [0/90]s, calculated stiffness was slightly higher than the 

experimental and was opposite fo

egree, fiber is under tensile load as tensile load is in fiber direction fiber is a

withstand the load.  This effect has been considered in the model.  However, when fibe

is in angle other than -45, fiber effect is not considered.  Therefore, the calcul

0]s is governed by the concrete.   

Over all, mathematical results return slightly smaller load than the experime

results.  In this study, the effect of fiber is pronounced only when fiber is placed un

tensile load.  This may have resulted in a smaller load, since fiber in other degree might 

help to redistribute the load throughout

ted, results matched well since there is no 0 or 90 degree layer, the fiber effects

were well simulated.   

45 degree 

-45 degree 

90 degree 

0 degree 

 



 
CHAPTER 5 

CONCLUSION 

 

The first part of this study primarily focuses on understanding the interfacial 

condition for the fabric reinforced composite materials and developing the model for a 

fiber and fabric reinforced concrete.  The second part, shear model, studies the behavior 

of composite material when fiber reinforced concrete is considered as laminated 

materials.   

 

Pullout 

To know the interfacial condition between fibers and cement, pullout test was 

conducted.  Pullout test provided the load and deformation data for different fabrics, 

procedures and mix designs.  In addition to the pullout experiments, mathematical models 

(yarn and woven conditions) were also constructed to verify the experimental data.  

Based on the experimental results, the yarn model was expanded to the woven model.  

Both models can also be implemented in the tensile model to predict the crack opening.   

The main results from the experiments are summarized below. 

a. Different fabric types have different effects. AR-glass fabric increased the 

strength of composite material, however, PE increased the toughness.   

b. Woven fiber provides higher interfacial bonding than unidirectional yarn.  This is 

caused by the restraint of fill yarns.   

c. Different procedures (normal, pultrusion and vacuum) used in making the 

specimen caused significant differences in results depending on the fabric type 
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(AR-glass, PP, PE and PVA).  When pultrusion bath was used, cement adsorption 

and penetration increased.  As a result, maximum load also increased, specially, 

for the fabric that did not have coating around.   

d. The addition of fly ash in cement mix increased the maximum load and interfacial 

shear bond.  This supports the previous study done by Peled and Mobasher (2003) 

where they found the fabric reinforced concrete when mixed with fly ash 

increased tensile strength and toughness.   

 

Similarly, the results from the woven model are summarized below.   

a. The results of woven fiber pullout test matched well with the model data where a 

fill yarn condition was implemented as a beam in elastic foundation in the yarn 

odel.   

b. The sensitivity of embedded length in the model was high.  The model predicted 

well for all the embedded length conditions.   

c. In pultrusion bath with PP fabric case, it was necessarily to change the strength of 

anchorage to estimate accurately the load and deformation to mach to the 

experimental data.  This shows that using pultrusion bath with PP fabrics changes 

the anchorage condition since cement can penetrate the fabrics.   

 

Shear 

For better understanding of material properties of fiber reinforced concrete under 

shear load, the model was developed to calculate the deformation and load.  As our 

m
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results suggest, simulation is not perfect but working well to predict the failure load and 

deformation at various lay ups and conditions. 

The results of shear model are summarized below. 

a. When fiber is placed in appropriate position (similar direction with tensile load), 

the model can calculate the similar results as in the experiments.   

b. Calculated results for [0/90]s lay up did not show good match with experimental 

results.  This explains that when fiber is not placed in the tensile load direction, 

fiber does improve the load that can be carried by the composite.   

 

Further Work 

Pullout: Data obtained in this thesis are valuable to understand the use of fabrics (glass, 

PP, PE and PVA) with cement concrete as a composite construction material.  However, 

we can achieve further improvement by extending more work in future.   

a. To refine the model, it is important to collect more experimental data so that 

model parameters for the pulled out condition could be enhanced.  In our 

experiment, some yarns and/or filaments or matrix for the specific sample broke 

instead of being pulled out.  This caused in increase of standard deviation 

significantly.  In order to understand interfacial bonding, it would be desirable 

that the exact number of yarns are pulled out from the matrix in all sample 

conditions.  

b. Pull out is only one part of tensile and flexure test conditions.  The next logical 

step would be to implement the pullout model into these different test.   
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c. In the model, there is no expression for the ratio of fabric to cement.  In order to 

implement the pullout model as crack opening for tensile and flexure model, it 

would be important to have fabric to cement ratio defined.   

 

Shear: To understand the response of fiber reinforced composite material, this study is 

valuable.  However, this work can be extended for further understanding in future work.   

a. In many instances it was hard to interpret the experimental data as they were 

not clear. A much clearer data would enable us to compare the experimental 

and mathematical results better.  Since there was some problem in translating 

the experimental results, in many cases, raw data were used to compare with 

mathematical results which may have caused some discrepancies.   

b. As seen in results, fiber does help to carry the load even if fiber is not placed 

in the direction of tensile load.  If this condition can be implement in the 

model, this will help more to understand the mechanical properties of fiber 

reinforced composite materials.   
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Table A-1 

lculation Results for AR-Glass Fiber Samples 

ample ID K (lbf/inch) Max load Toughness τ  (psi) C

Ca

S (lbf) (lbf-inch) max omments 

G105-1 1836.84 44.10 4.90 356.32  
G105-2 1252.13 43.74 8.29 330.93  
G105-3 1007.54 35.88 2.75 307.36  

G105-5 1654.28 44.68 5.62 352.79  
G205-1 967.31 41.56 6.96 346.67  

G105-4 1287.32 37.96 4.55 306.40  

G205-2 1224.86 38.12 4.44 316.05  
5-3 1118.90 27.57 2.89 230.35  

5-5 1274.19 34.49 3.58 264.29  

5-2 1173.41 40.11 5.12 313.77  

5-4 969.84 34.61 2.11 279.63  

05-1 1459.61 33.15 2.67 251.79 2 yarns broke. 

G20
G205-4 877.29 26.60 4.82 219.31 1 yarn broke. 
G20
G305-1 1011.02 47.91 6.34 366.70 1 yarn broke. 
G30
G305-3 1009.08 31.01 3.33 265.04  
G30
G305-5 1029.53 42.50 4.81 356.72  

GP1

GP105-2 1157.73 18.31 1.67 149.98 5 yarns broke, filament of 2 
yarns broke. 

05-3 892.67 34.44 5.02 265.69 3 yarns broke. 
05-4 1289.67 44.72 3.69 366.89  

3 yarns broke, filament of 4 

2 yarns broke, filament of 1 

05-1 2181.59 67.26 6.28

GP1
GP1

GP105-5 1132.70 24.24 2.86 181.17 yarns broke. 

GP105-6 1551.77 41.40 3.66 317.07 yarn broke. 
GV1  483.93 Matrix split into two. 
GV105-2 1529.11 55.47 9.31 448.65  
GV105-3 1593.58 56.10 7.23 393.21 3 yarns broke. 
GV105-4 2075.51 53.31 8.77 380.45 1 yarn broke. 
GV105-5 2050.54 66.81 9.88 473.88 2 yarns broke. 
GV105-6 1859.06 50.74 6.76 379.82 2 yarns broke. 
FG105-1 1159.76 32.59 4.23 262.75 Filament of 6 yarns broke. 
FG105-2 1265.11 32.57 5.07 290.29  
FG105-3 1345.38 68.93 8.00 558.20  
FG105-4 1460.35 71.09 8.45 616.00 Filament of 1 yarn broke. 
FG105-5 1709.21 69.45 2.69 550.74 Matrix split into two. 
FG105-6 1238.91 52.71 6.98 462.36  

FGP105-1 1794.41 25.67 2.90 204.03  
FGP105-2 1571.97 32.35 3.51 289.33 1 yarn broke. 
FGP105-3 1329.49 55.61 2.77 449.78 Matrix split into two. 
FGP105-4 1076.26 59.89 7.29 499.26 1 yarn broke. 
FGP105-5 1355.55 40.78 1.80 338.04 Matrix split into two. 
FGP105-6 1778.90 59.56 8.42 502.11  
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Table A-2 

Calculation Results for PP Fiber Samples 

Sample ID K (lbf/inch) (lbf) (lbf-inch) τmax (psi) Comments Max load Toughness 

PP103-1 335.58 22.45 2.58 194.57  
PP103-2 335.09 28.49 4.90 250.11  
PP103-3 661.80 27.21 2.43 221.75  
PP103-4 152.82 9.72 1.08 91.52 Matrix broke. 
PP103-5 565.53 26.38 3.92 218.01  
PP103-6 719.47 44.56 6.96 368.80  
PP105-1 704.33 36.67 5.49 199.24  
PP105-2 643.62 40.01 9.63 217.77  
PP105-3 696.09 48.38 7.22 244.21  
PP105-4 560.16 37.84 6.98 215.43  
PP105-5 535.10 33.17 8.14 169.91  
PP205-1 375.05 27.84 6.88 150.05  
PP205-2 424.82 39.40 9.64 203.67  
PP205-3 377.37 30.88 10.36 170.25  
PP205-4 338.09 37.13 8.91 186.70  
PP205-5 290.15 36.43 7.22 195.65  
PP305-1 301.42 54.39 12.78 276.07  
PP305-2 282.22 37.45 8.89 200.25  
PP305-3 284.96 36.81 8.56 183.25  
PP305-4 286.50 27.20 6.41 159.46  
PP305-5 313.50 26.12 5.72 133.37  

PPP103-1 475.60 52.56 6.77 418.91  
PPP103-2 430.58 38.12 7.82 311.41 1 yarn slipped. 
PPP103-3 351.68 76.71 15.92 519.93  
PPP103-4 631.34 35.12 6.98 294.81 1 yarn broke. 
PPP103-5 553.24 60.25 11.95 455.42  
PPP103-6 645.81 44.55 5.52 402.67 Matrix broke. 
PPP103-7 650.49 69.34 9.61 551.77  
PPP105-1 512.15 79.66 19.65 389.29 Matrix cracked. 
PPP105-2 621.09 36.73 5.52 189.76 Matrix broke. 
PPP105-3 519.90 78.19 12.59 356.74  
PPP105-4 595.73 49.84 4.77 266.91  
PPP105-5 404.57 59.57 18.05 319.71  
PPP105-6 471.71 61.01 10.84 341.23 Matrix broke. 
P  29.66 2.55 263.43  PV103-1 781.95
PPV103-2 608.72 31.61 3.74 260.54  
PPV103-3 583.28 19.50 2.19 150.19  
PPV103-4 625.97 32.02 6.66 286.88 Matrix cracked. 
PPV103-5 559.02 33.14 3.94 293.78  
PPV103-6 670.07 22.88 3.51 202.69  
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Ta

Ca

 

 

ble A-3 

lculation Results for PE Fiber Samples 

ample ID K (lbf/inch) Max load Toughness τmax Comments 

PE105-1 32.0

S (lbf) (lbf-inch) (psi) 
7 16.57 9.37 145.02 

PE105-2 39.45 16.97 7.91 149.48  
PE105-3 47.85 15.67 5.48 142.01  

PE105-5 40.70 16.88 7.19 143.85  
PE105-4 44.27 19.12 11.62 153.95  

PE205-1 28.27 10.92 3.85 94.68  
PE205-2 31.07 18.54 9.67 163.00  

PE205-4 25.14 14.81 7.50 129.58  

PE305-2 22.82 19.42 

PE205-3 29.65 19.85 11.49 165.98  

PE305-1 17.95 19.12 16.30 168.59  
12.02 174.26  

PE305-3 23.83 13.62 4.48 122.86 Matrix broke. 
PE305-4 18.00 17.93 13.28 163.70  
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ble A-4 Ta

Calculation Results for PVA Fiber Samples 

ample ID K Max load Toughness τ  (psi) Comments S (lbf/inch) (lbf) (lbf-inch) max

PVA103-1 325.21 40.48 4.21 305.30 
PVA103-2 279.43 36.97 4.49 258.20  
PVA103-3 228.76 25.04 3.22 199.14  
PVA103-4 340.58 43.49 5.32 222.56  
PVA103-5 232.48 26.68 4.17 188.30 3 yarns broke. 
PVA103-6 236.03 24.16 3.94 169.81  

PVAP103-1 205.00 62.69 19.48 523.64 8 yarns broke. 
PVAP103-2 261.74 60.52 11.23 438.45 5 yarns broke. 
PVAP103-3 244.49 54.68 12.24 414.22  
PVAP103-4 302.64 63.29 14.06 458.85 5 yarns broke. 
PVAP103-5 227.18 62.33 13.52 463.21 All (8) yarns broke. 
PVAP103-6 341.39 64.37 11.25 486.54 All (8) yarns broke. 

FPVAP103-1 316.09 42.48 6.27 393.17  
FPVAP103-2 379.58 54.59 7.20 560.15 2 yarns broke. 
FPVAP103-3 361.19 55.50 7.82 374.05 1 yarn broke. 
FPVAP105-1 412.43 74.10 13.05 374.05 Filaments of 2 yarns broke. 
FPVAP105-2 430.80 70.12 15.11 369.28 1 yarn broke. 
FPVAP105-3 381.60 69.17 14.79 338.03 1 yarn broke. 
FPVAP105-4 487.13 77.89 12.42 410.42 All (8) yarns broke. 
FPVAP105-5 461.45 76.11 9.41 381.90  
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Table A-5 

Calculation Results for PP Yarn Samples 

Sample ID K 
(lbf/inch) 

Max load 
(lbf) 

Toughness 
(lbf-inch) τmax (psi) Comments 

PPY103-1 88.81 4.92 0.85 302.45  
PPY103-2 46.39 12.14 2.54 786.60  
PPY103-3 109.40 4.52 0.94 275.65  
PPY103-4 103.39 2.81 0.59 182.15 Filaments broke. 
PPY103-5 78.49 2.36 0.54 147.00  
PPY103-6 84.55 3.27 0.44 234.08  
PPY103-7 100.21 9.37 2.25 600.12 Yarn broke. 
PPY103-8 97.67 4.95 0.65 396.62  

PPPY103-1 99.78 5.39 1.46 327.41  
PPPY103-2 118.36 4.95 0.70 320.76  
PPPY103-3 99.70 8.05 1.20 594.81 Filaments broke. 
PPPY103-4 109.44 4.54 0.97 309.55  
PPPY103-5 96.40 10.27 1.76 786.67 Filaments broke. 
PPPY103-6 137.82 4.90 1.32 279.27  
PPPY103-7 100.45 3.81 0.73 249.52  
PPPY103-8 96.81 7.44 1.52 443.04  
PPVY103-1 94.31 9.42 1.86 608.53 Few filaments did not pull out. 

PPVY103-2 98.72 6.89 1.49 494.62 Few filaments broke or did not 
pull out. 

PPVY103-3 82.57 11.48 2.19 643.65 Few filaments did not pull out. 
PPVY103-4 80.10 12.17 2.15 872.11 Few filaments did not pull out. 
PPVY103-5 87.65 7.18 1.60 459.80 Few filaments did not pull out. 
PPVY103-6 131.62 6.50 1.26 459.21 Few filaments did not pull out. 
PPVY103-1 94.31 9.42 1.86 326.35 Few filaments did not pull out. 
PPFY103-1 111.32 5.23 0.94 449.70  
PPFY103-2 120.19 7.72 1.84 183.14  
PPFY103-3 133.54 2.75 0.40 334.99 Broken matrix at bottom. 
PPFY103-4 63.50 5.29 1.39 495.78  
PPFY103-5 110.73 7.36 1.52 588.96  
PPFY103-6 81.97 9.25 1.71 486.21  

PPPFY103-1 64.40 7.17 1.33 458.54 Yarn broke. 
PPPFY103-2 75.76 6.97 1.48 518.52  
PPPFY103-3 63.70 9.56 2.05 753.19 Yarn broke. 
PPPFY103-4 79.27 9.55 1.39 554.09  
PPPFY103-5 68.60 7.90 1.25 684.71  
PPPFY103-6 63.18 10.30 1.71 906.94 Yarn broke. 
PPPFY103-7 82.18 12.34 2.37 302.45 Yarn broke. 
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Tab

Cal  Re Fib out S

S D nch  Loa
bf) 

p a
ad Comments 

le A-6 

culation sults for er Pull amples 

ample I K (lbf/i ) (l
Max d Sli t Max 

Lo (inch) 
FiG105-1 4 .44 0.1137.2 10 17  
FiG105-2 8 .75 0.1121.3 8 05  
FiG105-3 7 .40 0.0166.5 13 87  
FiG105-4 7 .51 0.1 er came out from the plate.66.2 4 67 Fib
FiG105-5 0 .20 0.1106.8 9 04 
iPP103- 16.7 3 47  

FiPP103-2 6 .33 0.115.5 2 95  
FiPP103-3 3 .97 0.116.4 1 44  
FiPP103-4 3 .93 0.116.5 1 41 
iPVA103 10.6 0 72 
iPVA103 8.65 0  

iPVA103 6.09 0  
iPVA103 6.20 0  
iPVA103 10.7 0 72  
 

 
F 1 5 .33 0.2

 
F -1 3 .50 0.0  
F -2  .61 0.076 
FiPVA103-3 9.03 0.48 0.075  
F -4  .50 0.072 
F -5  .47 0.063 
F -6 4 .58 0.0
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Fig. B s th sign st p  0.5” embedded and 3” free 

fiber 

 

 

Fig. B-4. AR-glass fiber with mix design 1, pultrusion procedure, 0.5” embedded and 1” 

free fiber length 
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Fig. ss ith esig acu ure, 0.5” embedded and 1” 

free 

 

Fig. B-6. AR-glass fiber with mix design 2, cast procedure, 0.5” embedded and 1” free 

fiber length 
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Fig. B-7. AR-glass fiber with mix design 2, pultrusion procedure, 0.5” embedded and 1” 

free fi

 

Fig. B-8. PP fiber with mix design 1, cast procedure, 0.3” embedded and 1” free fiber 
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Fig. B-9. PP fiber with mix design 1, cast procedure, 0.5” embedded and 1” free fiber 

length  

 

Fig. B-10. PP fiber with mix design 1, cast procedure, 0.5” embedded and 2” free fiber 
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Fig. B-11. PP fiber with mix design 1, cast procedure, 0.5” embedded and 3” free fiber 
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Fig. B-12. PP fiber with mix design 1, pultrusion procedure, 0.3” embedded and 1” free 

fiber length 
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Fig. B-13. PP fiber with mix design 1, pultrusion procedure, 0.5” embedded length and 

1” free length 

Fig. B-14. PP fiber with mix design 1, vacuum procedure, 0.3” embedded and 1” free 
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Fig. B-15. PE fiber with mix design 1, cast procedure, 0.5” embedded and 1” free fiber 
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Fig. B-16. PE fiber with mix design 1, cast procedure, 0.5” embedded and 2” free fiber 

length 
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Fig. B-17. PE fiber with mix design 1, cast procedure, 0.5” embedded and 3” free fiber 

length 

0 0.4 0.8 1.2 1.6
Deformation (inch)

0

4

8

12

16

20

L
oa

d 
(l

bf
)

PE305-1
PE305-2
PE305-3
PE305-4

0 0.1 0.2 0.3 0.4 0.5
Deformation (inch)

0

20

40

60

80

L
oa

d 
(l

bf
)

PVA103-1
PVA103-2
PVA103-3
PVA103-4
PVA103-5
PVA103-6

 

Fig. B-18. PVA fiber with mix design 1, cast procedure, 0.3” embedded and 1” free fib
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Fig. B-19. PVA fiber with mix design 1, pultrusion procedure, 0.3” embedded and 1” f
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Fig. B-20. PVA fiber with mix design 2, pultrusion procedure, 0.3” embedded and 1” fre

fiber len

 



 122

Fig. B-21. PVA fiber with mix design 2, pultrusion procedure, 0.5” embedded and 1” fre

fiber len
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Fig. B-22. PP yarn embedded as single yarn with mix design 1, cast procedure, 0.3” 

embedded and 1” free length 
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Fig. B-23. PP yarn embedded as single yarn with mix design 1, pultrusion procedure, 

0.3” embedded and 1” free fiber length 
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Fig. B-24. PP yarn embedded as single yarn with mix design 1, vacuum procedure, 0.3

embedded and 1” free fiber length 
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Fig. B-25. PP yarn embedded as fiber with mix design 1, cast procedure, 0.3” embedded

and 1” f

 

ree fiber length 

ed and 1” free fiber length 
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Fig. B-26. PP yarnr embedded as fiber with mix design 1, pultrusion procedure, 0.3” 

embedd
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Fig. B-2
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Fig. C-1. AR-glass fiber samples for var
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Fig. C-2. PP fiber samples for vario
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Fig. C-3. 1 and 8 yarns r
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Fig. C-4. 1 and 8 yarns results for P
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Fig. C-5. 1 and 8 yarns results for PP fiber with vacuum procedure 

 

Fig. C-6. PP yarn pullout from the matrix embedded as single yarn or fiber for cast and 

0 0.1 0.2 0.3 0.4
Deformation (inch)

0

10

20

30

L
oa

d 
(l

bf
)

PPVY103-1
PPV103-6

0 0.1 0.2 0.3 0.4 0.5
Deformation (inch)

0

2

4

6

8

10

L
oa

d 
(l

bf
)

PPY103-1
PPFY103-4
PPPY103-2
PPPFY103-4

pultrusion procedure 

 



 131

0 0.1 0.2 0.3 0.4 0.5
Deformation (inch)

0

2

4

6

8

10

L
oa

d 
(l

bf
)

PPY103-1
PPPY103-2
PPVY103-1
PPFY103-4
PPPFY103-4

Fig. C-7. PP yarn samples for various conditions 
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Fig. C-8. PVA fiber samples for various conditions 
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