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Materials and Properties of Polymer Matrix Composites

Book L. Bank, Chapter 2
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Fibre Reinforced Polymers

• FRPs are composite materials:
• materials created by the combination of two or more materials, on a 

macroscopic scale, to form a new and useful material with enhanced 
properties that are superior to those of the individual constituents alone

• More familiar composite materials
• Concrete → stone, sand, and cement paste

• Reinforced concrete → concrete and steel

• Wood → cellulose and lignin

• Bone → collagen and apatite
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FRP Materials

• What is FRP?

Fibres

Provide strength and 
stiffness

Carbon, glass, aramid

Matrix

Protects and transfers load 
between fibres

Epoxy, vinyl ester

Fibre MatrixComposite
Creates a material with attributes superior to either component alone!

Fibres and matrix both play critical roles in the composite material...
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Matrix + Fibre = FRP

Fibre

Matrix

Stress, σ

Strain, ε

Combing fibres and matrix gives a composite material with 
superior properties

FRP
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Fibers versus human hair

100 m

Hair 

E-Glass 

Aramid 

Carbon 
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Single Fibre Tests at Empa
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Weg in mm

C-Fibres
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A human Hair
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Faser Faserdurch-
messer

(m)

Dichte

(g/cm3)

Zugfestigkeit

(N/mm2)

E-Modul

(N/mm2)

Polyamid 10....40 1.14 840 2'800

E-Glas 7....10 2.55 1'800....3'000 73'000

S-Glas 7....10 2.50 3'900 87'000

C/G 7.....8 1.7...1.9 1'700...7'000 50'000...800'000

Aramid 12 1.44 2'500...3'600 70'000...130'000

Bor 100 2.60 3'000...4'000 420'000

Stahl 5...250 7.80 1'800...4'200 210'000

Fiber Properties

Fiber Fiber diameter Density Tensile Strength E-Modulus

Steel

Basalt 6…13 2.7 4’100…4’800 93’000…110’000
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Fibre Component
• Fibres provide strength and stiffness

• Properties required of the fibres:

 high stiffness

 high ultimate strength

 low variation of strength between individual fibres

 stability during handling

 uniform diameter

 extremely large length-to-diameter ratio
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Fibre Component
• 3 fibres commonly used in infrastructure applications

• Glass, carbon, aramid

• Factors influencing fibre suitability:

 Strength

 Stiffness

 Environment and durability

 Cost

 Availability
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Glass Fibres

• Inexpensive

• Most commonly used

• Several grades available:
• E-Glass

• R-Glass

• AR-Glass (alkali resistant)

• High strength, moderate modulus, medium density

• Used in non weight/modulus critical applications
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Carbon Fibres

• Significantly higher cost than glass

• Several grades available:
• Standard modulus → 250-300 GPa

• Intermediate → 300-350 GPa

• High → 350-550 GPa

• Ultra-high → 550-1000 GPa

• High strength, high modulus, low density

• Superior durability and fatigue characteristics

• Used in weight/modulus critical applications



Material Properties Fibre Composites, FS24 Masoud Motavalli

17

Aramid Fibres
• Moderate to high cost

• Two grades available
• 60 GPa elastic modulus

• 120 GPa elastic modulus

• High tensile strength, moderate modulus, low density

• Low compressive and shear strength

• Some durability concerns
• Potential UV degradation

• Potential moisture absorption and swelling
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Fibre Comparison: Stress-Strain
Fibres
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• Fibres only!
• No Matrix

E-Glass
Aramid
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High-Modulus Carbon
Ultra High-Modulus Carbon
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Glass fiber manufacturing

winder

Strand

Size unit

Filaments

Bushings

Glass melt 1400°C

Platinum bath

Glass Spheres

Supplying of molted glass
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Glass fiber manufacturing
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Glass fiber manufacturing
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Winding
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Roving, Rovings spool
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Chopped Rovings, Powder
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Stress Corrosion of E-Glass

5% drop per decade of time 

%  of Failure Stress: Time to Failure [Years]:

75 .19
70 1.9 
65 19 
60 190 
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Stress Corrosion of E-Glass
5% Abfall pro Dekade der Zeit
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Alkali-Resistancy of glass fibers
in liquide Portland-Cement solution at 20°C Abfall pro Dekade der Zeit
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Alkali-Resistancy of glass fibers
in liquide Portland-Cement solution at 80°C Abfall pro Dekade der Zeit

AR-Glas
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Manufacturing of C/G-Fibers

1. Step

Fibers are stretched 
to have dimensional 
stability

T = 200-300 °C

Catalysator

Polyacrylonitrile fibers
(PAN Fibers)

Exhaust

Air

T = 200-220 °C
t = 10-30 min

T = 220-300 °C
t = 30-100 min
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Manufacturing of C/G-Fibers

Exhaust

t = 10-60 min
N2

2. Step

Carbonization

T = 1500 °C

Carbon fiber, Semi crystallite
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Manufacturing of C/G-Fibers

3. Step

Graphitization
under Argon

T = 2500° - 3000°C

Further processing to
Semi-finished products

Argon
t = 5-30 min

Exhaust

Graphite fiber, Crystallite



Ma t er ia ls Sci ence & Technolog y

C-Fibers
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Bond structure of C/G-Fibers
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Prediction of carbon fiber prices by 
Prof. Urs Meier (EMPA) in 1977.
This prediction was the basis for the 
research and development project 
‚CFRP application in Civil Engineering‘!

2500 Fr./kg

Time

Paid prices

Today: 43 Fr./kg (here!!!!)

23 Fr./kg
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Aramid (Kevlar)
Chemical fibers
Developed in the 60s, commercialized in 1971
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Fiber Reinforced Materials

 Mats

 Fiber Glass Fabric

 Roving Fabric

 Mesh

 Prepreg
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Fiber Glass Mat
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Fiber Glass Fabric
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Carbon Fiber Fabric
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Aramid Fiber Fabric



Material Properties Fibre Composites, FS24 Masoud Motavalli

41

Glass Fiber Roving Fabric
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Aramid Fiber Roving Fabric
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Carbon Fiber Prepreg,
unidirectional
(UD)
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Glass Fiber Prepreg (UD)
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Glass Fiber Prepreg
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Hybrid Mesh of Aramid and C Fibers
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Aramid Fiber Mesh 
Hose
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Polymer Matrix Component

• Critical functions of the polymer matrix:

 Bind the fibres together

 Protect the fibres from environment and abrasion

 Separate and disperse the fibres throughout the composite

 Transfer force between the individual fibres
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Polymers

• Polymer:
• An organic compound comprised of long-chain molecules 

consisting of smaller repeated units called monomers

• Two types:

 Thermoplastics
→ polyethylene, nylon, polyamide

 Thermosetting polymers
→ polyester, vinylester, epoxy
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Thermoplastics

• Extremely strong bonds within chain molecules

• Chains held by weak Van der Waals Forces

→ Molecules can slide past one-another on heating

→ Polymer can be reversibly softened

• Not currently used for FRPs in civil engineering
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Thermosetting Polymers

• Molecular chains cross-linked through chemical bonds

→ Cannot be reversibly softened → cannot be bent on site!

→ deteriorate irreversibly at elevated temperature 

• Commonly used in infrastructure FRPs

• Epoxies, vinylesters, polyesters
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Thermosets used in Civil Engineering

• Polyesters
• Widely used for FRP components (not for rebars)

• Inexpensive, easy processing

• Vinylesters
• Used commonly in FRP rebars (alkali resistance)

• Reduced moisture absorption and shrinkage

• More expensive

• Epoxies
• Used in wet lay-up applications and laminate fabrication

• Outstanding adhesion and bonding characteristics

• Highest cost
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Matrix Properties

Matrix Dichte
(g/cm3)

Zugfestigkeit
bei 23°C
(N/mm2)

E-Modul bei
23°C

(N/mm2)

kalthärtend 1.2 70 3'500
UP

warmhärtend 1.2 60 3'500

kalthärtend 1.2 70
EP 3'500

warmhärtend 1.2 90 3'500

PEEK 1.3 100 3'800

UP: ungesättigte Polyesterharze (Duromere)
EP: Epoxidharze (Duromere)
PEEK: Polyetheretherketone (Plastomere)

Matrix Density Tensile Strength at E-Modulus at

Cold Cured

Warm Cured

Cold Cured

Warm Cured

Unsaturated Polyester Resin (Thermoset)
Epoxy Resin (Thermoset)

(Thermoplastic)
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Viscoelasticity
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Key Factor

• Fibres + Matrix = FRP

• Overall FRP properties depend on:
• Mechanical properties of matrix

• Mechanical properties of fibres

• Fibre volume fraction

• Fibre cross sectional area

• Orientation of fibres within matrix

• Interaction between fibres and matrix

• Method of manufacturing

FRP



Material Properties Fibre Composites, FS24 Masoud Motavalli

74

• FRPs are Orthotropic materials
• Properties are directionally dependent

• Unidirectional FRPs
• Fibres in one direction only

• Aligned along longitudinal axis

• Stronger and stiffer in fibre direction

• Multidirectional FRPs (laminates)
• Fibres in various directions (fibre architecture)

• Properties can be tailored

• Behaviour can approach isotropy

• Unidirectional FRPs used in infrastructure applications

Influence of Fibre Orientation
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Examples of FRPs

Glass fibre 
roving

Carbon fibre 
roving

Unidirectional 
glass FRP bar

Carbon FRP 
prestressing 

tendon

Glass FRP 
grid
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Strain [%]
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FRP vs. Steel
• FRP properties 

(in general versus steel):

• Linear elastic behaviour to 
failure

• No yielding

• Higher ultimate strength

• Lower strain at failure

• Comparable modulus 
(carbon FRP)

Steel

CFRP

GFRP
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Quantitative Comparison
Typical Mechanical Properties*

Ultimate Strength

517-1207 MPa

1200-2410 MPa

1200-2068 MPa 

483-690 MPa

Elastic Modulus

30-55 GPa

147-165 GPa

50-74 GPa

200 GPa 

Material

Glass FRP

Carbon FRP

Aramid FRP

Steel

Failure Strain

2-4.5 %

1-1.5 %

2-2.6 %

>10 %

* Based on 2001 data for specific FRP rebar products
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Qualitative Comparison
Typical Mechanical Properties

Criterion
Fibre Type

Carbon Aramid Glass

Tensile Strength Very Good Very Good Very Good

Modulus of Elasticity Very Good Good Adequate

Long Term Behaviour Very Good Good Adequate

Fatigue Behaviour Excellent Good Adequate

Bulk Density Good Excellent Adequate

Alkaline Resistance Very Good Good Adequate

Price Adequate Adequate Very Good
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Fatigue

• Fatigue: degradation or failure of a structural material or element 
after repeated cycles of loading and unloading

• Carbon FRPs display outstanding fatigue behaviour

• Glass FRPs display intermediate/satisfactory fatigue resistance

• Aramid FRPs are sensitive to fatigue
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Creep and Creep-Rupture

• Creep: a condition of increasing strain under a sustained 
(constant) level of stress 

• Fibres are relatively insensitive to creep

• Matrix polymers are visco-elastic and will creep

• For Unidirectional FRPs loaded in the fibre direction
• Creep not a significant concern if the sustained stresses are limited, 

as follows:
• Glass FRP, 20% 

• Aramid FRP, 30%

• Carbon FRP, 50% 
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Environmental Durability

Primary advantage of FRPs

Will not corrode electrochemically

Some durability concerns do exist...

Potentially damaging effects resulting from:
Temperature
Moisture

UV Radiation

Alkalinity

Fire
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Temperature

• Elevated temperature causes deterioration of mechanical 
and bond properties

 Due primarily to degradation of the polymer matrix

• Service temperatures must therefore be limited:
 Epoxy: 20˚C less than the glass transition temperature

(GTT),  usually less than 100˚C

• Low temperatures are not generally a concern
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Temperature

• Other temperature effects:

Temperature  = Creep 

Temperature  = Moisture or chemical ingress 
Potential for development of thermal stresses due to 

differential thermal expansion

Potential for damage due to thermal cycling
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Moisture

• Polymers absorb moisture to varying degrees
 continues until saturation point is reached

 depends on FRP composition and properties

• Unidirectional composites are relatively unaffected by 
moisture uptake

 Properties depend on fibres rather than matrix

• Moisture-induced swelling is a concern for aramid
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Ultra-Violet Radiation

• Aramid fibres
 UV degradation of mechanical properties

• Carbon and glass fibres
 Insensitive to effects of UV radiation

• Polymer matrices
 slight degradation and discolouration

• UV protection options
 matrix additives, pigmented gel coats, painting
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Alkalinity

• FRP reinforcement of concrete is becoming more 
common

• pH inside concrete is normally 12-13.5

• Glass fibres
• Reduced toughness

• Reduced strength

• Thus, use alkali-resistant polymer matrices

Alkalinity-induced
embrittlement
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Fire

• All polymers soften at elevated temperatures

• Potential concerns during fire:

Reduced strength

Reduced stiffness

Loss of bond

Flame spread

Toxic smoke generation

• Research is ongoing in this area...
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Schematic showing typical deterioration in mechanical and bond 
properties for unidirectional glass FRP bars (reproduced after Bisby, 
2003).
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