
ABSTRACT 

 
PHILLIPS, KRISTIE JO.  Stress Relaxation of Tufted Carpets and Carpet Components.  
(Under the direction of Tushar K. Ghosh.)   
 

Dimensional stability of tufted carpets has been a continuing problem in the 

industry for years.  When a tufted carpet is installed by the stretch method, it experiences 

stress relaxation over time which can cause the carpet to buckle, wrinkle and become 

loose with the only option being a costly re-stretching of the carpet.  Since woven carpets 

seldom require re-stretching, the carpet buckling problem seems to be linked primarily to 

the tufted construction.  This research seeks to analyze the various components of the 

tufted carpet composite structure and identify the role each component plays in the 

phenomenon of stress relaxation.  Since a carpet is always stretched in both dimensions 

simultaneously during installation, understanding its biaxial stress decay is important.  To 

this end, a biaxial loading system has been used to test various samples of the primary 

backing alone (before tufting), primary backing after tufting (with tufts), the secondary 

backing alone, and the finished carpet after attaching the backings with various binder 

weights per area.  The four variables under consideration include: primary and secondary 

backing constructions, tufting density, and latex weight, with the secondary backing and 

latex weight expected to have the greatest effects on stress decay.  In order to collect the 

most information, the biaxial test system was connected to a computer-based data 

acquisition system to continuously monitor stress levels and generate stress relaxation 

curves over a 20-hour testing period.  A viscoelastic model that included representations 

of each component in the carpet structure was used to analyze and understand the 

influence of the components on the stress relaxation of carpets.    
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1.0  Introduction 

The carpet industry has grown tremendously over the past 40 years with tufted 

carpets currently representing over 90% of carpet production.  In 2000, total industry 

shipments of tufted carpet and rugs equaled $11.066 billion at mill level [9]. 

Since the late 1960s, when tufted carpets grew in popularity, the carpet industry 

has experienced problems with increases of carpet dimensions after installation, 

otherwise referred to as carpet buckling, wrinkling, rucking, or carpet growth.  This 

problem occurs with carpets that have been installed by the stretching method, which is 

the most popular method for installing residential carpets.  Carpets that are installed by 

the stretching method experience stress relaxation over time where the tension in the 

carpet slowly dissipates.  Then, when the carpet becomes looser, it is more susceptible to 

forces imposed by walking which may result in buckling or wrinkling, as shown in 

Figure 1.1.  Buckling makes carpets unsightly, creates trip hazards, accelerates carpet 

wear, and can cause the carpet to delaminate [56].   Carpet buckling may be caused by 

incorrect installation of fitted carpets, by forces imposed by pedestrian traffic, or by 

changes in moisture conditions [48].  The only option for correcting a buckled carpet is 

re-stretching/re-installing, which is costly.   

Woven and knitted carpets seldom require re-stretching [45], so the buckling 

problem seems to be linked primarily to the tufted construction.  Carpet constructional 

parameters that contribute to carpet buckling or growth were studied in the late 1960s and 

70s with occasional studies performed since then.  However, the majority of the 

published work has focused on various types of primary and secondary backings on a 

macroscopic scale, e.g. a jute versus a polypropylene backing or a woven versus a 

nonwoven.   

The background information available in published literature is presented in 

Chapters 1-5.  Chapter 2 discusses the phenomenon of stress relaxation while Chapter 3 

deals with the ways in which stress relaxation and other viscoelastic behavior can be 

modeled mathematically.  Chapter 4 describes the tufted carpet structure and properties 

including the primary and secondary backings and the layer of laminate attaching them.  

In Chapter 5, a number of key published research efforts on the carpet buckling problem 
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and dimensional stability are presented.  Chapter 6 reviews carpet installation standards 

and services, which can aggravate the buckling problem, and the challenge the carpet 

industry faces in providing consistent quality installation services to consumers.  At the 

end of Chapter 6, various estimates of the costs of the buckling problem to the carpet 

industry are made.  Chapters 7 and 8 explain the research that was performed to further 

investigate the problem of carpet buckling and the stress relaxation behavior of the carpet 

composite structure and give the results and statistical analysis of the data.  Finally, 

Chapter 9 draws conclusions from this research and recommends future work.   

 

 

Figure 1.1.  Photographic standards illustrating severe degrees of carpet buckling 
developed by Sudnik and Jones [48].    
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2.0  Stress Relaxation 

 Stress relaxation, also referred to as stress (or force) decay, is the reduction in 

stress or load over time under a constant extension.  The stress may drop to a limiting 

value over time or it may drop to zero depending on the material.  The phenomenon of 

stress relaxation is very similar to creep, which is the deformation or increase in 

extension of a material under a constant load over time.  With stress relaxation, as the 

material is held at constant dimensions, internal stresses in the structure of the material 

are slowly relieved through the continued spontaneous breakage of crosslinks in the 

molecular assembly, leading to lower tension.  When a crosslink breaks, it can no longer 

contribute to the stress.  In a stress relaxation curve, where time or the log of time is 

plotted versus stress or load, the first 10 seconds or so shows a rapid initial decay of 

stress which quickly levels off to a rate of decay that is almost zero.  Studies have shown 

that the stress is still decreasing after 24 hours and even up to 2 weeks [34].  The rate of 

relaxation of stress depends on the number of intermolecular bonds which give way in a 

given time.  In the case of stress decay reaching zero, when the material is removed from 

the imposed strain, the dimensions of the material remain fixed and a set elongation has 

been inserted [32].   

 Figure 2.1 illustrates the stress relaxation behavior of purely elastic and purely 

viscous materials.  No stress relaxation occurs for a purely elastic material because the 

strain is completely reversible, whereas for a purely viscous material, the stress can decay 

to zero.  Generally, for a polymeric material, a combination of both elastic and viscous 

behavior is exhibited which affects the limiting value of the stress.  In a polymer where 

viscous flow is more apparent, the stress can decay to zero after a sufficiently long time, 

but a polymer where no or little viscous flow is evident, the stress decays to a finite value 

[32].   

 There is very little data on stress relaxation as compared to creep due partially to 

the perceived complexity of stress relaxation tests.  Creep tests are easier to perform and 

interpret and the data may be more readily applied by engineers and designers [32].  

Although the phenomenon of stress relaxation is not as easily visualized as creep, it is 

still important in engineering applications.  One example is a textile-based architectural 
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structure which must be under tension in order to perform at an acceptable level under 

varying environmental conditions [21].   

Since stress relaxation is often considered to be the inverse of creep and since 

relaxation tests are more difficult to perform, the behavior of stress relaxation is often 

approximated by data acquired through the more commonly used creep tests.  For 

example, the sections of creep curves where there is a constant strain can be used to plot 

stress versus time.  Greenwood and Myles [21] used mathematical methods to estimate 

the stress relaxation behavior from creep curves in their tests on polyester and 

polypropylene geotextiles.  They report that if creep is linear in stress and if a 

mathematical description can be applied to the creep behavior, then stress relaxation 

behavior can be derived.   

 
 

 

 

 

 

 

 

 
 
Figure 2.1.  Stress relaxation behavior of (a) elastic, (b) viscous, (c) polymeric material 
with viscous flow, and (d) polymeric material with no or little viscous flow [32].   
 

 

2.1  Stress Relaxation of Composite Structures 

A composite structure, such as a carpet, can experience stress relaxation on 

several different levels:  1) within the carpet structure itself, e.g. the latex flowing or the 

backings shifting with respect to each other; 2) within the fabrics that make up the 

composite layers, e.g. yarn-to-yarn slippage within the primary and secondary backing 

fabrics; 3) within the yarns that make up the fabrics, i.e. fiber-to-fiber slippage within the 

yarn structure; and 4) within the fibers that make up the yarns, e.g. molecular chain 

(c)

(d)

    (b) 
viscous 

(a) elastic 

Time

Load
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mobility and the spontaneous breakage of molecular crosslinks.  In the current research, 

the primary and secondary backing fabrics are composed of polypropylene tape yarns, 

which are essentially monofilaments with rectangular cross-sections.  So, the yarn 

component of the stress relaxation phenomena is not present.  (The only exception to this 

is the friction spun yarns used in the weft of the secondary backing.) 

 

2.2  Stress Relaxation of Fabrics and Yarns 

 The majority of published work on stress relaxation has involved fibers and not 

fabrics or yarns.  Fabrics may have higher creep and stress relaxation values due to the 

greater opportunities for movement in the fabric structure since the yarns and the fibers 

within the yarns may be able to shift positions in order to alleviate stress.  The movement 

of yarns and fibers relative to each other in addition to the viscoelastic properties of the 

fibers themselves allow for greater freedom of movement in the fabric structure as 

compared to the yarn structure.  Greenwood and Myles [21] report that most of the creep 

values for woven polyester fabrics are considerably higher than the values for the yarn, 

and for polypropylene, the creep results for woven and nonwoven fabrics are of the same 

general appearance.   

 Spun yarns naturally have a greater tendency to creep than continuous filament 

yarns due to their structure of twisted or otherwise incorporated staple fibers.  When a 

spun yarn is stretched past a certain point, the staple fibers in the yarn slide past each 

other under the stress.  When held at a constant extension, the staple fibers have no means 

of returning to their original configuration.  When the extension is removed and the yarn 

is returned to its original length, the staple fibers cannot slide back up into place and the 

yarn will buckle.   

 A spun yarn can experience stress relaxation when, under a constant strain, the 

staple fibers move within the yarn to positions of equilibrium.  If the yarn only 

experiences a small strain, which has not overcome the fiber-to-fiber friction within the 

yarn, then the fibers will not all slide past each other, but will elongate.  Then when the 

strain is removed, the spun yarn can return most of the way to its original length. 
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2.3  Stress Relaxation of Fibers 

Fibers exhibit stress relaxation and creep because of their viscoelastic nature.  The 

viscous or flow characteristics of a material are determined by the mobility of chains in 

the non-crystalline regions of the polymer.  This can be partly characterized by the glass 

(or second order) transition temperature, Tg, of the fiber.  When below their Tg, fibers 

have restricted molecular movements and little tendency to creep, but above their Tg, 

molecular segmental motion and flow is possible when the fiber is stressed [25].  Several 

other morphological factors also have an influence on the creep behavior of fibers.  An 

increase in crystallinity, molecular orientation, and molecular weight all serve to decrease 

the creep tendency of a polymer, as does increased cross-linking and increased molecular 

polarity [52].  The poor creep resistance of polypropylene is a result of the low glass 

transition temperature, which is -15° to 10° C.  This means that during use, most 

polypropylene textiles will be relatively easily deformed with time [25].  On the other 

hand, this property allows PP to have excellent flexibility even at extremely low 

temperatures.  

 In the Hookean region, i.e. for strains less than 2%, a large proportion of the stress 

is sustained by the crystalline structure, or the microstructure, of the fiber.  A small 

extension causes the crystalline structure to strain but it still remains intact.  Larger 

extensions or longer time periods of strain cause the intermolecular bonds of the fiber to 

breakdown leading to permanent deformation.  As the extension increases in the Hookean 

region, the rate of force decay increases [11].   

  The rate of bond breakdown directly affects the rate of stress decay.  The rate of 

bond breakdown can be controlled by several factors including stress on the bonds (an 

external force on the fiber, where increased stress equals increased bond breakdown), 

chemical interference, and molecular chain mobility, which allows molecular chains to 

move into positions where direct reactions with the bonds can occur more easily.  

Substances, such as liquids in which the fiber is immersed, that interfere with the bond 

strength or allow the bonds to dissolve more easily will cause the intermolecular bonds to 

break more easily under strain leading to a greater rate of stress decay [11]. 
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2.4  Effect of Temperature and Humidity 

Stress relaxation tests can be performed at a range of temperatures, humidities, 

and different strain levels, such as 1, 2, 5, 10, 20 and even up to 49% [34].  Osswald [38] 

also reports that stress relaxation is temperature dependent, especially around the glass 

transition temperature.  Osswald performed stress relaxation tests at lower temperatures 

to record the initial relaxation  and then used tests at higher temperatures  in order to 

determine the end of relaxation.  Relaxation time, λ, is the time it takes for stresses to 

relax.  Higher temperatures result in smaller relaxation times, while low temperatures 

result in longer relaxation times.  Osswald found that when changing temperatures, the 

shape of the relaxation curve remained the same, but it shifted horizontally to the left 

(lower response times) or  to the right (higher response times).  Morton and Hearle [34] 

also found that the rate of relaxation (and creep) increases (i.e. relaxation will occur more 

rapidly) as the temperature increases for wool and rayon fibers. 

Morton and Hearle [34] reported that humidity does not affect the limiting value 

of the stress, but it does affect the relaxation time significantly with the relaxation time at 

0% relative humidity (RH) being significantly longer and relaxation time at 100% RH 

being extremely short.  

 

2.5  Stress Relaxation in Different Media 

 The concept of stress relaxation can be useful when setting a fiber at an extension 

above its original length.  According to Feughelman et al. [11], there are two required 

conditions for a wool fiber to be set: first, the force of retraction should be reduced as low 

as possible, and second, bonds should be formed in equilibrium with the extended state.  

Because of the first requirement, the rate of force decay in a wool fiber has been used as a 

measure of the settability of the fiber.  Feughelman et al. investigated the stress relaxation 

of wool fibers at an elevated temperature, in aqueous solutions of different pH’s, and at 

various extensions.  They used the value t0.8, the time for the force ft to fall to 0.8 of the 

initial value after extension, to compare the relaxation rates over various extensions 

ranging from 0.2% to 20%.  They also made a table of the values of time at which the 

force in a wool fiber has fallen to 0.8, 0.5, 0.33, 0.25, and 0.125 of the original value.  
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They concluded that the rate of force decay is considerably slower for extensions in the 

Hookean region, i.e. less than 2%, than for extensions in the yield region, i.e. 2-30%.  

They also report that in terms of creep, for up to 1% extension a wool fiber behaves as a 

linear viscoelastic material, but beyond 1%, the creep of fibers under a fixed load 

indicates the intrusion of yield region behavior.  For purely linear viscoelastic behavior at 

a fixed extension, there should be no change in the rate of force decay as expressed by the 

value of t0.8.  They also found that for wool fibers there is a lower rate of force decay as 

the pH of the solution decreases (i.e. more acidic).   
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3.0  Mathematical Models of Viscoelastic Behavior 

 When a fiber is subjected to a load, it becomes elongated, but if this load is 

relatively small and short in duration, the fiber will fully recover to its original position.  

However, if the fiber is loaded for a longer period of time with a constant load, it will 

first elongate, then in order to alleviate the internal stresses, cross-links between 

molecular chains will begin to break and the molecular chains will slip over one another 

from one equilibrium position to another.  When the load is removed, the fiber will not 

fully recover to its original position.  Since the strain of a polymer is partially elastic 

(elongation and recovery) and partially viscous and permanent (slippage of molecular 

chains), the strain behavior of a polymer is described as being “viscoelastic” [31]. 

   

3.1  Springs and Dashpots 

 Traditionally in phenomenological modeling, the two elements that make up a 

viscoelastic model are the spring, representing the ideal elastic behavior, and the dashpot, 

representing the ideal viscous behavior.  When these elements alone are subjected to a 

load, the spring spontaneously extends, but the dashpot does not yet react.  If the load is 

maintained, the dashpot slowly begins to elongate.  When the load is removed, the spring 

spontaneously recovers back to its original position, but the strain of the dashpot remains 

as permanent strain.   

An ideal spring will follow Hooke’s law, that is, the stress f (or σ) = Eε, where E 

is the spring constant, known as Young’s modulus, and ε is the strain.  A spring will 

show instantaneous extension and perfect recovery.  This equation can be manipulated to 

be in terms of strain, ε = f/E.  Then, the derivative can be taken to result in: dε/dt = (1/E) 

df/dt, which is in the same form as the equation for the dashpot (see below).  A dashpot is 

a cylinder with a moving piston inside of it.  There is a viscous lubricant between the 

cylinder and the piston walls so that a force f is needed to displace the piston.  The 

stronger the force f, the faster the piston will move.  An ideal dashpot will follow 

Newton’s law, with the stress f = η x (dε/dt), where η is the viscous coefficient of the 

dashpot and dε/dt is the rate of strain.  A dashpot will show slow movement over time 
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and will have no recovery.  For an illustration of how a dashpot works, see Figure 1.1c by 

Flugge [14].  A spring and dashpot are illustrated in Figure 3.1.   

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

3.2  Simple Models 

 The most basic and well-known viscoelastic model is the Maxwell model which 

consists of one spring and one dashpot connected in series, as shown in Figure 3.2.  This 

model has two adjustable parameters, E and η.  On the application of a load, this model 

will show instantaneous extension (due to the spring) followed by secondary (non-

recoverable) creep at a constant rate (due to the dashpot).  When the load is removed, the 

model will return partially (due to the spring) but never all the way back to its original 

position (due to the dashpot).  The Maxwell model is also capable of showing stress 

relaxation at constant length.  When the model is strained to a certain length and held 

there, the center of the dashpot still has the ability to move.  The spring can slowly 

contract towards its original position by pulling the center of the dashpot up with it.  In 

this way, the load or force on the spring can decrease over time [14, 34].   

A spring and a dashpot can also be arranged in parallel, known as the Kelvin or 

Voigt model, as shown in Figure 3.3.  With this model, when a load is applied, the model 

E 
η 

Spring alone 
f = Eε 

dε/dt = 1/E * df/dt 

Dashpot alone 
f = η * dε/dt 

dε/dt = 1/η * f 

Figure 3.1  A spring and a dashpot individually. 
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will instantaneously extend (due to the spring), however, this extension will occur more 

slowly (delayed elasticity) because of the effect of the dashpot.  At all times, the 

elongation ε of the two elements is the same, and the total force f is split into fs (spring) 

and fd (dashpot) in whatever way necessary to make ε the same [14].  This model will 

also exhibit primary (recoverable) creep as the load is maintained over time.  The dashpot 

will continue to extend, forcing the spring to continue to extend as well.  This model 

shows “asymptotic” elastic behavior, i.e. the strain ε does not grow indefinitely but there 

is a limiting value for the strain ε.  The model approaches the final strain value gradually.  

When the load is removed, the spring will try to return to its original position, pulling the 

dashpot back up with it.  Over time, the spring and dashpot in parallel will eventually 

return to their original position.  Under a constant strain, the stress remains forever at a 

certain value, so the stress relaxation is incomplete [14].  Because this model does not 

have an initial elastic response (a spring alone), it will show a high stress peak at the 

beginning when a sudden strain is applied.   

 
 

η 

E 
η E 

Figure 3.2.  Maxwell model.    
Original equation:  dε/dt = 1/E * df/dt + f/η 
At constant strain:  f = Eε * exp(-Et/η) 

Figure 3.3.  A spring and dashpot  
arranged in parallel. 
Original equation:  f = Eε + η * dε/dt 
At constant strain:  f = Eε 
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3.3  More Complicated Models 

A four-element model [34] that incorporates two springs and two dashpots, as 

shown in Figure 3.4, is the simplest model that shows all the features of instantaneous 

extension (the spring), primary and secondary creep (the spring and dashpot in parallel 

and the dashpot, respectively), and stress relaxation (the spring and dashpot in series).   

In order to more completely represent the behavior of fibers or other materials 

using spring and dashpot models, more elements can be added to the model.  However, 

these models can get very complicated very quickly, so it is generally the practice to 

incorporate no more than four elements.  Rather than adding more elements to the model, 

another approach to making the models more accurate is by modifying the properties of 

the elements themselves [34].   

This has led to the most successful model produced so far, according to Morton 

and Hearle [34], called the standard linear model or Eyring’s model.  This model, shown 

in Figure 3.5, contains three elements, two springs and a dashpot, and has three adjustable 

parameters, E1, E2, and η.  The standard linear model shows instant elasticity (due to 

spring E1) and asymptotic elastic behavior (due to E2 and η in parallel).  This model can 

be adjusted by having the springs follow Hooke’s law as usual, but having the dashpot 

show non-Newtonian viscosity.  Non-Newtonian viscosity can be represented by a 

hyperbolic-sine law of viscous flow: dε/dt = K sinh αf, where dε/dt is the rate of strain, f 

is the stress, and K and α are constants.  This modification means that the rate of strain 

increases more rapidly with increase of stress than it would if it were proportional to 

stress, as in Newton’s law.  For the standard linear model using a Newtonian dashpot 

[34],  

d/dt {(E1 + E2) ε - fT} = E1η(fT – E2ε),  where fT is the total stress.        (1) 

This equation can be used for various fiber deformations, including, stress relaxation, 

where the strain ε = constant, creep, where fT = constant, and stress-strain behavior under 

constant rate of elongation, where dε/dt is constant. 
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3.4  Stress Relaxation in Viscoelastic Models:  Summary 

 The behavior of stress relaxation can be represented in viscoelastic models by 

considering the strain ε to be constant and deriving the equations of the models in terms 

of load over time.  The Maxwell model is capable of showing stress relaxation where the 

residual stress in the system eventually returns to zero.  When the model is strained and 

held to a certain length, the elements are still able to move and dissipate the stress in the 

system.  So, the total length of the model can be held constant while the load on the 

elements decreases over time as the spring slowly returns to its original position [14, 34].   

The Kelvin or Voigt model illustrates the other extreme scenario, where the stress 

in a system cannot dissipate when it is held at constant length and no stress relaxation 

occurs.  Since the elongation ε of the spring and the dashpot are always the same in this 

η1 

η2 

E2 

E1 

K, α

E1 E2 

Figure 3.5.  The standard linear model  
incorporating a non-Newtonian dashpot.   
Original equation: 
df/dt + E1/ηf = (E1 + E2) * dε/dt + E1E2/ηε 
At constant strain:  f = E2ε + E1ε * exp(-E1t/η) 

Figure 3.4.  Four-element model 
from Morton & Hearle. 
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model, and the elongation is held constant under the conditions for stress relaxation, 

neither element is able to move over time.  So, the stress in the system remains forever at 

a certain value and stress relaxation cannot occur [14].  

Therefore, for a viscoelastic model to exhibit the behavior of stress relaxation, a 

spring and dashpot in series must be incorporated into the model. 

 Using the standard linear model to describe stress relaxation, the strain ε = 

constant and the rate of strain dε/dt = 0 are used.  Under a constant strain, this model 

relaxes gradually to a limiting residual stress or σ∞.  Equation (1) then becomes: 

  dfT/dt = -E1η(fT – E2εc). 

 

3.5  Limitations of Spring and Dashpot Models 

A limitation of spring and dashpot models is that they are restricted to 

representing systems with a linear dependence on stress [34].  Also, according to 

Matsuoka [27], if a spring and dashpot model is made to fit a set of real stress relaxation 

data, it cannot fit the creep data for the same material.  He considers this to be a serious 

deficiency with spring and dashpot models in general because a valid mathematical 

model must fit all experimental data without changing the values of the parameters.    

 

3.6  Previous Research Using Viscoelastic Models to Describe Carpet Backings 

 Schaff and Ogale [42] used phenomenological models to describe the stress 

relaxation behavior of nonwoven polypropylene (PP) carpet backings.  Their technique 

was to begin with the Maxwell model and compare the graph of the model to an average 

curve of their data.  Since the Maxwell model was not the best fit, they then proceeded to 

the standard linear model (using a Newtonian dashpot, η) which fit their data well at 

longer times, but was not a good fit from 0 to 1 minute.  They finally moved to their own 

modified version of the standard linear model, shown in Figure 3.6.  Their version added 

a dashpot in series with the standard linear model, giving four adjustable parameters, E1, 

E2, η1, and η2.  The actual values that they used for these four parameters are given in 

Figure 3.6.  They calculated the stress relaxation behavior of this model, compared it 

visually (apparently) to their data and found that their modified standard linear model fit 
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their data the best.  Schaff and Ogale [42] used this same model to predict creep 

compliance of the carpet.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6.  The modified standard linear model used by Schaff and Ogale [42] to 
describe the stress relaxation of nonwoven PP carpet backings.  The values they used for 
the four constants, E1, E2, η1, η2, are also shown. 

η2 =  
2.87 x 103 Pa⋅s

η1 = 
1.61x106 Pa⋅s 

E1 = 
1.21 MPa 

E2 =  
1.36 MPa 
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4.0  Carpet – Construction and Properties 

In the manufacture of tufted carpets, the traditional carpet backing construction 

has been around for about 40 years.  Most carpets are backed with this traditional kind of 

“sandwich” construction as shown in Figure 4.1, with exceptions being specialized 

products like carpet tile and automotive carpet [1, 8, 63].  The primary backing is the 

fabric into which the pile yarn is punched or tufted, acting like an anchor for the tufts of 

yarn.  The secondary backing, an additional layer for stability, is a coarse, woven fabric 

which is laminated to the carpet with an application of latex.  Because every square foot 

of tufted carpet produced must have a primary backing, primary backing fabric shipments 

are a good indicator of how the carpet business is faring.  On the other hand, secondary 

backings are optional with some types of carpet being directly glued down so it does not 

need a secondary backing.  The main functions of the secondary carpet backing are to add 

dimensional stability and mechanical strength to the carpet and to enhance the appearance 

of the back of the carpet.  The secondary backing can also have anti-static and flame 

resistant properties and may or may not be colored.   

 

 

  
Figure 4.1.  The traditional construction of a tufted carpet (based on [63]). 

 

 

McIntosh [29] compared the component costs for high end and low end tufted 

carpets with secondary backings.  As shown in Table 4.1, the greatest cost in all of the 

categories is the pile yarns, however the cost of the primary and secondary backings 

Primary backing 

Secondary backing

Latex

Face fibers 
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become more significant in the inexpensive, lower quality carpets.  The pile yarns and the 

face of the carpet are major factors considered by consumers when they purchase carpet 

while the backing fabrics and adhesive are not noticed but are necessary for the carpet’s 

satisfactory performance.  The third column in Table 4.1 contains costs in dollars for each 

of the various carpet components as estimated by Wilson [54].   

 

 

Table 4.1.  First two columns: Percentage cost of components in various types of carpet 
[29].  Third column: Cost per square yard in dollars for an average carpet made with 
branded filament yarns [54].   
 

 Textile secondary-backed carpets  
 Inexpensive cut 

pile printed carpets
Higher cost coarse-

gauge berber 
Cost per 

Square Yard, $
Pile 62.1% 91.5% $3.20 
Latex 7.7% 2.4% $0.20 
Primary backing 13.8% 2.4% $0.20 
Secondary backing 16.4% 3.6% $0.15 
Total 100% 100% $3.75 

 

 

4.1  The Carpet Structure 

 A tufted carpet is considered to be a laminated composite, which consists of thin 

layers of different materials, i.e. the primary and secondary backing fabrics, bonded or 

laminated together with an adhesive.  According to Daniel and Ishai [10], a composite is 

“a material system consisting of two or more phases on a macroscopic scale, whose 

mechanical performance and properties are designed to be superior to those of the 

constituent materials acting independently.”  The properties of a composite material 

depend on the properties of the constituents, geometry, and the distribution of the phases.  

The different phases of a composite have distinct physical and mechanical properties.  

This laminated carpet structure is more susceptible to permanent deformation after 

stretching because of the failure of one or more of the structural components [18]. 

 The carpet structure can be viewed and analyzed at different levels: at the fiber 

level, including fiber type and fiber properties; at the yarn level, including spun or tape 
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yarn and yarn count and uniformity; at the fabric level, including the properties of the 

primary and secondary backings, ends and picks per inch, type of weave, etc.; at the 

laminate level, including the composition and properties of the latex or binder and how 

the binder interacts with the other layers; and the overall behavior of the finished carpet 

structure.   

 The remainder of Chapter 4 discusses the carpet structure from a macroscopic 

point of view, detailing each layer in the composite structure including the primary and 

secondary backings (sections 4.3 and 4.4, respectively) and the binding or latex layer 

(section 4.5). 

 

4.2  Requirements of Backing Fabrics 

Several factors may affect the choice of fabric for carpet backing including [8]: 

♦ cost and availability 

♦ carpet production efficiency 

♦ requirements for dyeing and finishing 

♦ compatibility with pile yarns  

♦ industrial and customer’s acceptance 

♦ maximizing the proportion of the tuft in the surface of the carpet 

♦ environmental concerns 

Major technical concerns in selecting appropriate primary backing fabric 

structures include dimensional stability, needle deflection, and regularity of pile height.  

Dimensional stability is important for clear pattern definition and proper fit through the 

life of the carpet and has become more important with the advent of wall-to-wall 

carpeting.  Good dimensional stability is also vital for carpet tiles which must be fit 

together and will show more readily any changes in size [1].  Needle deflection refers to 

the tendency of tufting needles to take the line of least resistance when penetrating the 

primary backing fabric.  Only very rarely will the needle pass through the tape yarn.  

Instead, with woven backings particularly, the needle tends to be deflected into the 

interstices between pairs of warp ends or weft picks rather than penetrating through the 
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yarn itself. In the extreme, needle deflection can cause a needle to penetrate a tuft which 

has already been inserted, and if the stitch density is high, the needles could even damage 

or rupture the backing yarn, especially the weft. Needle deflection can also cause an 

interference pattern to be created, resulting in short term irregularity in pile height.  

Irregularity in pile height affects the uniformity of the carpet surface and limits pattern 

definition [2, 8, 29].  

 

4.3  Primary Backings 

In Western Europe in 1997, there was 707 million square meters of primary carpet 

backing consumed, of which, 79% was a woven PP backing, 13% was polyester, and 8% 

was nonwoven [39].  (Similar statistics for the U.S. are not available.)  While PP 

backings are by far the most widely used for most applications, backings made of 

polyester are more dimensionally stable than polypropylene and are less susceptible to 

shrinkage and growth, however, they are more expensive [1].  The basic requirements of 

a primary carpet backing fabric can be summarized as follows [8]:   

♦ to accept the required number of tufts with little damage and loss of strength 
to the fabric 

 
♦ to be able to withstand hot and wet processing conditions during carpet 

production 
 
♦ to be dimensionally stable, i.e. to resist mechanical distortion, during 

processing and in use  
 
♦ to maintain strength and stability after processing for carpet installation and 

performance.   
 
Primary backing fabrics should also not have excessive thin and thick places in 

the fabric because this encourages needle deflection, uneven tufts, and poor cover.  It is 

important that the weft in a woven primary backing not be so damaged by tufting that it is 

too weak to withstand further processing.  Backing strength and durability relate directly 

to appearance stability.  Additional requirements for tufted carpet backings for 

automotive uses are lighter weight backings and the ability to be molded precisely to fit 

the interior.   
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The standard polypropylene primary backing fabric has remained much the same 

for the past 25 years, with 24 warp ends/inch and picks per inch ranging from 11 to 18.  

The yarns used are tape yarns, often called slit films, which are monofilament yarns with 

flat, rectangular cross-sections.  Tape yarns provide greater cover at economical costs 

because of their simple manufacture.  Tape yarns used in the production of primary 

carpet backing fabrics must exhibit particularly low shrinkage at high temperatures to 

prevent the carpet shrinking or becoming wavy when it is coated with latex.  For more 

information on tape yarns, see [40].   

With the advent of fine gauge tufting machines, which can use stitch densities as 

high as 47/cm2, there has been a greater need for primary backing fabrics that can provide 

an absolutely uniform surface and regularity of tuft lines since finer gauge styles of carpet 

do not tolerate any needle deflection [8].  The intensity of stitch rates continues to 

increase, for example, going from a 5/32 inch gauge to a 1/8 inch or 1/10 inch gauge.  

Increasing the number of warp ends in the fabric, for example, using 28 ends per inch 

instead of the standard 24, can improve the dimensional stability, the bowing and 

skewing resistance and the wrinkle resistance, resulting in less needle deflection [12].  

All PP backings are treated with about 0.3% of antistatic lubricants to assist 

needle penetration and reduce friction against pile yarns.  The lubricants can be applied to 

the fabric by lick, spray or complete immersion.  This lubrication also affects the strength 

of the carpet after processing.  The strength of a non-lubricated backing after tufting is 

reduced by 40% in the warp and 70% in the weft, but the strength of lubricated fabrics is 

only reduced by 10% in the warp and 20% in the weft after tufting.  Most PP primary 

backing is heat set giving zero shrinkage at 132° C [8].    

Non-woven primary backings offer a potential solution to some typical backing 

problems and have consistently claimed approximately 20% of the primary backing 

market over a period of 20 years [29].  Nonwoven primary backings are claimed to be the 

universally usable substrate.  The advantages of a non-woven backing include: suitability 

for a wide range of stitch rates, elimination of needle deflection and interference patterns, 

no edge fray and good dimensional stability.  However, the disadvantages are poor tuft 
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anchorage, difficulty in repairing damage, significantly lower strength after tufting, and 

possible creep and delamination in the fitted carpet [8, 29].  

 According to Carpet & Rug Industry, in 1997 [1], there are several areas in which 

primary backing fabrics need improvement including: 

♦ tuftability 

♦ wrinkle resistance 

♦ consistency and smooth runnability 

♦ lighter weight backings for the automotive market 

♦ enhanced dimensional stability for pattern definition 

Generally, in improving backing fabrics, the emphasis has been on minimizing problems, 

such as weft skewing and bowing, while aiming to produce flat fabrics [29]. 

 

4.4  Secondary Backings 

 In the 1970’s, there was intense development of primary backing substrates, but 

most recent developments center around the secondary backing [29].  As alluded to 

earlier, the main function of the secondary carpet backing is to add dimensional stability, 

mechanical strength, and bulk to the carpet with a secondary function being to enhance 

the appearance of the back of the carpet.  

In 1977, jute secondary backings remained extremely popular in the U.S., where 

they had about 90% of the tufted carpet market [7].  In 1997, secondary backing 

consumption in Europe was 25% jute and 75% polypropylene, with a total of 386 million 

square meters consumed [39].  Today, the “traditional” carpet backing substrate is made 

up of a woven polypropylene primary backing bonded to a woven polypropylene 

secondary backing with a layer of styrene butadiene rubber (SBR) latex [24, 44, 45].  

Table 4.2 summarizes the types of secondary backings used in commercial and 

residential markets in the United States in 1996 [24].  This data shows a much worse 

picture for jute backings with only about 5% of the market.   
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Table 4.2.  Types of secondary carpet backings used in commercial and residential 
markets in the U.S. in 1996 by RBI International Carpet Consultants [24].  For the 
commercial carpet market, 3038 broadloom styles were tabulated.  Only percentages 
were given for the residential market. 
 

Commercial Carpet Market  Residential Market 
Type of Backing Number Percent  Type of Backing Percent 
Polypropylene 2251 74.1%  Polypropylene 95% 
Unitary* 404 13.3%  Jute 4.5% 
Cushion 201 6.6%  Attached cushion 1.4% 
Jute 157 5.2%  Other 0.1% 
Polyurethane 23 0.76%    
PVC 2 0.06%    
Total styles tabulated 3038 100%  Total 100% 

* Unitary is a primary backing alone that is used for direct glue-down installations. 
 

 

Synthetic fibers took longer to replace natural fibers in the secondary backing 

market for both technical and aesthetic reasons.  One of the main technical problems was 

poor adhesion after latexing, which took several years for carpet producers to improve.  

Backing fabrics in the transitional period were combinations of jute and polypropylene.  

The hairiness of jute helped to improve adhesion, which prevents delamination [7].  

Secondary backings made of jute, which still have a small market share for residential 

secondary backings, also have an aesthetic appeal that is similar to the back of traditional 

woven carpet.   

Secondary backings made of synthetic fibers are typically a leno weave.  Many of 

these fabrics use a DREF-spun PP weft yarn and a flat tape PP warp yarn, with the typical 

backing having an open, mesh-like construction of 16 ends/inch and 5 picks/inch.  

Polypropylene does not adhere easily to the primary backing, so the DREF spun weft 

yarns help overcome this problem due to their physical structure [8, 29].  DREF spinning 

produces coarse yarns from staple fibers using the friction spinning principle at speeds 

that are greater than on other spinning systems.  The yarn structure consists of a central 

core covered with sheath fibers, e.g. a core of PP tape covered with PP staple fibers, that 

give the yarn hairiness, improving adhesion [22, 28, 60].  Also, the “knuckles” formed at 

the warp cross-over points in the leno weave provide a position for latex adhesion. 
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Synthetic backings provide quality, continuous supply, and compatibility with the 

primary backing along with resistance to water or solvent damage and bacteriological 

attack [8, 29].   

Traditional backing systems of latex laminated to secondary backing fabrics are 

durable if they are not subjected to repeated doses of detergent and water.  Commercial 

carpet backing systems must endure more extreme conditions than backings for 

residential carpets including extreme usage, abuse and frequent wet process cleaning.  

Smith [44] found that wet extraction cleaning, the most common method of chemical 

carpet cleaning, dilutes and flushes soil deeper into and through the carpet backing.  The 

backing can remain wet for hours or even days following wet process cleaning since the 

synthetic face fibers generally repel moisture while the latex backing system is 

hydrophilic.  Repeated re-wettings of the backing and the use of cationic detergents with 

a pH greater than 8.0, can break down the latex and secondary backing bond, leading to 

delamination.  When SBR latex is wet for more than 24 hours, it can lose up to 50% of its 

lamination strength, but it gradually recovers as moisture leaves the backing [44].  

 

4.5  Laminate 

The primary and secondary backings in a carpet are bound together by a layer of 

latex which is referred to as carpet backcoating or laminate.  The primary purpose of the 

latex layer is to improve the strength of the fabric to make it more durable and easier to 

handle.  According to Scott [43], the overwhelming majority of tufted carpet today is 

laminated with is carboxylated styrene butadiene latex (XSBR).  The carpet laminate 

plays a vital role in carpet construction.  Latex performance requirements for secondary 

backing adhesives include [43, 46]:  

• High tuft lock 

• Minimum pilling and fuzzing 

• Adhesion to secondary backing 

• Dimensional stability 

• Bundlewrap 
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• Proper hand 

• Durability 

• Water resistance 

• Resistance to heat, light and atmospheric contaminants 

• Flammability properties of pill, tunnel, radiant panel, smoke, vertical burn 

• Resistance to edge fraying 

• Odor 

• Low cost 

 

4.5.1  The Laminating Compound 

The XSBR polymer is combined with various other ingredients to form a 

laminating compound that meets the demands for different physical and economic 

properties.  The ingredients that compose a carpet laminate can be grouped into 6 

categories: latex, fillers, surfactants, miscellany, thickeners, and water.  The main 

category, the latex component, will be discussed in the following section.  Filler is used 

in latex compounds for the main purpose of reducing the cost of the laminate.  The filler 

that is most commonly used is calcium carbonate which sells for only one cent per pound.  

Surfactants are used to increase stability and to froth the laminate to the desired density.  

Miscellaneous carpet latex ingredients include: pigments, penetrants, defoamers, 

dispersants, chelating agents, and stabilizers.  Thickeners, almost always sodium 

polyacrylate, are used for viscosity control in order to provide effective placement of the 

adhesive on the fabric and to hold the filler in suspension [43, 46].  Water is used to help 

disperse the filler, stabilize the compound and extend its shelf life [46].  As shown in 

Table 4.3, the majority of a typical carpet laminate formulation is filler.   

Styrene-butadiene latex refers to the emulsion polymerization of styrene and 

butadiene monomers which takes place in the presence of heat and pressure to form a 

styrene/butadiene copolymer.  Polymerizable carboxylic acids can be incorporated to 

impart latex stability and functionality, termed carboxylation, instead of using additional 

cross linking agents.  Other ingredients that are used in polymerization include: 
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surfactants for stability, catalysts, and modifiers to help control molecular weight.  The 

result of polymerization is a very fine dispersion of rubber particles in water.  

Performance functions that are important in latex specification include [43]:  

• Total solids 
• Viscosity 
• pH 
• Surface tension 
• Residual styrene 
• Percent coagulum 
• Particle size 
• Styrene/butadiene ratio 

 

 

Table 4.3.  A typical carpet laminate formulation that would be used as a pre-coat [46]. 
 

 Solids Dry Parts Wet Parts 
Water   34.68 
Latex 53 100.00 188.67 
Filler 100 550.00 550.00 
Soap (Surfactant) 35 2.00 5.71 
Thickener 13 1.00 7.69 
Total  653.00 786.75 
    
83% Solids   
17,000-18,000 cps Viscosity   

 

 

SBR, the un-carboxylated version of the latex, can also be used in carpet. SBR 

latexes are softer polymers than XSBR.  They require a cross-linking agent to impart 

lasting properties to them.  SBR latexes are used most often for molded foam, washable 

rug foam, and carpet foam as well as for pressure sensitive adhesives (uncross-linked 

versions).  SBR has a high amount of solids and requires conventional vulcanization for 

attached foam cushioning while XSBR is self-cross-linking due to the addition of 

carboxylic acid and is used for secondary backing of carpets.  The structure of SBR and 

XSBR is compared in Figure 4.2.   
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Figure 4.2.  Comparison of the structure of styrene-butadiene polymer (SBR) and 
carboxylated styrene-butadiene polymer (XSBR).  XSBR is self cross-linking and is used 
for secondary backing of carpets [43].   

 
 
 

4.5.2  Latex Performance 

The key to obtaining the desired carpet properties is to use the correct type and 

quality of latex, place the coating where it is required on the substrate, and keep it there 

during the drying process.  Any factors that affect the placement of the coating will also 

affect the quality of the carpet whether they are mechanical (related to the equipment), 

physical (related to carpet construction), or chemical (related to a finish on the yarn) [43, 

46].   

The four performance requirements that receive the most attention today are 

tuftbind, pilling and fuzzing, adhesion, and hand (stiffness), all of which affect the speed 

of operation and the cost per square yard.  The major factors that affect tuftbind and 

stiffness (hand) are known to be [43]: 

• filler content 
• coating weight 
• styrene content 
• latex placement 
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• carpet design 

The traditional and easiest way of achieving high tuft lock is by increasing the 

styrene level of the latex used, followed by increasing the coating weight and decreasing 

the filler content as shown in Figure 4.3.  However, increasing the styrene level has a 

detrimental effect on the hand, increasing stiffness significantly as shown in Figure 4.4.  

Increasing filler content and coating weight also result in a stiffer hand, but the effect is 

not nearly so pronounced.  The effect of latex placement on tuftbind and stiffness is 

dependent on froth stability, density of the froth, degree of latex penetration, and the 

pressure when laminating the secondary.  The effect of carpet design is shown through 

the type of secondary backing used (jute gives a softer hand), the use of small diameter or 

lighter weight yarn (requires less latex and is therefore softer), and the absence of step 

over stitching (results in softer hand) [43]. 
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Figure 4.3.  The interaction of the factors affecting tuft lock including coating weight and 
filler and styrene content.  As both coating weight and styrene content increases, tuft lock 
increases significantly.  A tuft lock of 15-20 lbs is considered high (based on Scott [43]). 
 



 28

Factors Affecting Stiffness
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Figure 4.4.  The interaction of the factors affecting carpet stiffness.  As the styrene 
content increases, stiffness increases significantly.  Increased filler content slightly 
increases stiffness (based on Scott [43]).   
 

 

The primary latex factors affecting pilling and fuzzing are similar to tuftbind and 

stiffness, but the latex placement and the ability of the latex to attach itself to the fiber 

during the curing process play a more important role.  This can particularly be a problem 

with polypropylene yarns since the latex and the fiber do not have an affinity for each 

other.  Factors regarding latex that affect adhesion of the secondary backing include [43]: 

• Latex placement 
• Method of application 
• Density 
• Froth Stability 
• Compound Rheology 

• Coating weight 
• Compound Formulation 

• Filler content 
• Total solids 
• Viscosity 
• Raw materials 
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One of the most important factors affecting the strength of a carpet laminate is the 

styrene content of the co-polymer.  As shown in Figure 4.5, as the styrene content 

increases, the tensile strength increases, however, the elongation decreases.  The 

elongation determines the flexibility of the laminate which results in a more durable 

coating on the finished carpet.  Figure 4.6 illustrates the effect of filler content on carpet 

strength and elongation.  According to the figure, the tensile strength actually increases 

up to 600 parts filler, however, the elongation drops drastically during the same period 

[46].   
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Figure 4.5.  Carpet tensile strength and elongation versus the styrene content of the co-
polymer in the carpet laminate (based on Stamper [46]).   
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Tensile and Elongation vs. Filler Load
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Figure 4.6.  Carpet tensile strength and elongation versus the amount of filler content in 
the carpet laminate (based on Stamper [46]).  Filler load = wt. parts filler / wt. parts dry 
latex. 
 

 

 
4.5.3  Application Systems 

When a secondary backing is used, the carpet laminate system usually consists of 

two compounds, an adhesive and an undercoat, as illustrated in Figure 4.7.  The 

undercoat, often called a pre-coat, is a highly filled (500-800) compound that is placed 

next to the tufted primary backing for the purpose of producing adequate tuftbinds.  The 

medium-filled (300-450) adhesive is a second layer that is place on top of the undercoat 

and next to the secondary backing with the purpose of adhering the secondary backing to 

the tufted primary [43].   

Latex is usually applied to tufted carpet using the froth technique.  Frothing uses 

air to add volume to the latex and allows for more accurate latex placement and greater 

weight control.  The majority of carpet mills use the direct coat / “jute” coat system for 

latex application.  With the “jute coat” system, the adhesive compound is applied directly 

to the secondary backing as it is being fed in (as opposed to the earlier two pan / two 
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compound method where the adhesive was applied on top of the undercoat on the back of 

the tufted primary).  The jute coat system results in better adhesion of the secondary and 

uses less polymer per fiber resulting in lower costs, however, tuftbind is reduced.  The 

direct coat system is shown in Figure 4.8.  In this system, the pre-coat is directly coated 

onto the back of the tufted primary using an aerated spread foam (a froth containing 400-

650 parts filler/100 parts latex).  The secondary is directly coated with the adhesive (350-

400 parts filler) and then is joined to the back of the tufted primary.  The uncoated carpet 

may also be passed over a seven-foot diameter steam-heated pre-conditioning drum prior 

to latex coating in order to improve latex saturation to IV generation fibers and adhesion 

[43].   

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.  A typical carpet laminate system that uses an undercoat and an adhesive 
compound to attach the secondary backing (based on [43]).   
 

 

4.6  Future Developments in Carpet Backing Fabrics 

 Many of the latest developments in carpet backing fabrics focus on eliminating 

the use of latex and fillers and developing and improving new processes to bond the 

secondary backing to the carpet.   One example is a backing system that consists of a 

woven PP primary backing, a woven PP secondary backing, and a low-melting nonwoven 

fabric that serves as the tuft binder and adhesive to bind the primary and secondary 

backings together [1].  Other research includes testing prototypes of an air jet loom that 

 Primary backing with tufts 
 
 Undercoat (pre-coat)  -  for tuftbind 
 
 Adhesive  -  to adhere secondary 

backing to primary 
 
 Secondary backing 
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can produce wide width PP tape fabrics.  This is the first project to use air jet looms to 

weave flat PP yarns for carpet backing [1].   

Generally, suppliers of carpet backing fabrics will have to keep pace with carpet 

manufacturers’ pursuit of better and novel products.  The base polymer should continue 

to be improved along with additives to improve product performance, such as flame 

resistance, or colorants to improve aesthetics.  In the future, areas of improvement and 

research should include [29]: 

♦ engineering of more stable primary backings 
 

♦ developing the universal primary backing, suitable for a wide array of 
processes and products 

 
♦ developing a suitable substrate to improve the stability of carpet tile 

products 
 

♦ developing more sophisticated products, both aesthetically and 
technically, for secondary backings 

 

 

 

 
 
 
Figure 4.8.  A typical direct coat / jute coat system [43].   



 33

5.0  The Problem of Carpet Buckling over Time 

 Along with wearfastness, colorfastness, and appearance retention, a carpet that is 

installed by the stretching method, the most popular installation method for residential 

carpets, is required to remain flat and tight for extended periods of time.  Carpet 

manufacturers have received complaints for years from consumers who have reported 

that their carpets developed buckles, puckers, ripples or wrinkles after installation.  The 

main causes of increases in carpet dimensions include: stress relaxation of the material 

over time; exposure to changes in temperature and moisture conditions; stresses and 

strains due to walking which can be aggravated by a soft underlay; and incorrect or poor 

fitting and installation especially over large areas [20].   

 With the exception of a few papers in the late 1960s and 70s, little work has been 

published related to the dimensional stability of carpets to stretching (stretch-installation) 

or the carpet buckling phenomenon.  Possible reasons for this, cited by Gentry [18], 

include the complexity of the behavior of a carpet subjected to biaxial tension and the 

lack of recognized test procedures that simulate the behavior of an installed carpet.  The 

British Standard 4682 [3], adopted in 1971, is one standard method, but it does not appear 

to be widely used today.  The British standard suggests that three methods of testing are 

required to assess the various aspects of dimensional stability of textile floorcoverings 

including: determination of the extension under mechanical action, determination of 

changes in dimensions associated with changing ambient humidity, and determination of 

dimensional changes associated with immersion in water and subsequent drying (can be 

useful for testing what will happen if accidents such as water spillage occur).  The 

method of testing the extension due to mechanical action involves subjecting a small 

carpet specimen to a cyclical extension.  After 10 load/extension and recovery cycles 

have been completed, the total extension, non-recoverable extension, the extension 

hysteresis, and the load at 1% extension are determined [3].   

 

5.1  Non-recoverable Extension  

 Gentry [18] tested 75 carpet samples that he obtained from the showrooms of ten 

different carpet manufacturers.  Table 5.1 shows the range of variables that he studied.   
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Table 5.1.  The variables represented in Gentry’s study [18]. 

Carpet manufacturer 10 manufacturers represented 
Method of construction Tufted 

Woven 
Primary backing Jute 

Woven polypropylene 
Nonwoven polypropylene 

Secondary backing Jute 
Woven polypropylene 
Nonwoven polypropylene 
None 

Gauge, inch 3/8 through 5/64 
Carpet weight, oz/yd2 45 through 125 

 

 

 Gentry found that the four measurements used in the British Standard had a high 

degree of correlation with each other and essentially measured the same characteristic.  

So, he used only one of them, unrecovered extension, to evaluate the effects of the 

different variables on carpet dimensional stability to mechanical action.  Unrecovered 

extension represents the inability of a carpet to return to its original dimensions after the 

application of the cyclical loads.   

 Gentry [18] found that the woven carpets tested had a much lower unrecovered 

extension than the tufted carpets as shown in Table 5.2.  This supports the commonly 

accepted view that woven carpets are generally much more dimensionally stable than 

tufted carpets due to the fact that the backing fabric in a woven carpet is woven as an 

integral part of the carpet structure.  Table 5.2 shows that the carpet with no secondary 

backing had the highest unrecovered extension values, jute secondaries had mid-range 

values, and the carpet with the woven polypropylene primary and secondary had 

significantly higher values than the jute backings.   

 Gentry [18] also tested various secondary backing fabrics by themselves for their 

load at 1% extension and compared it to the load at 1% extension of the corresponding 

finished carpets in order to determine the contribution that the secondary backing makes 

to dimensional stability.  He did not find it useful to repeat the test using primary 
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backings since the primary backing loses 30-60% of its strength and other properties 

suffer after tufting.  The data is shown in the bottom part of Table 5.2.  The secondary 

backings alone rank in the same order as the carpets backed with that backing type.    

 

 

Table 5.2.  Data from Gentry’s study comparing various carpet constructions and backing 
types for their % unrecovered extension and load at 1% extension [18].  
 

Construction 
Unrecovered extension, % 

Lengthwise                     Widthwise 
Tufted (averaged) 0.61 0.65 
Woven 0.37 0.41 
   
Backing Type 
Primary/Secondary 

  

Jute / Jute .61 .64 
Woven poly / Jute .55 .56 
Nonwoven / Jute .45 .59 
Woven poly / Woven poly .82 .79 
Woven poly / Nonwoven .82 .79 
Nonwoven / Nonwoven 1.42 1.07 
Nonwoven / none 1.59 2.34 
   
Backing Type 
Primary/Secondary 

Load at 1% Extension (lbs) 
Lengthwise                     Widthwise 

Woven carpet 32.6 25.2 
Woven poly / Woven poly 17.1 17.5 
Jute / Jute 15.3 13.5 
Woven poly / Jute 14.8 14.4 
Nonwoven / Jute 14.6 12.4 
Woven poly / Nonwoven 10.1 11.2 
Nonwoven / Nonwoven 7.4 8.1 
Nonwoven / none 9.2 7.2 
   
Secondary Backing Type   
Woven polypropylene 5.6 11.0 
Jute 5.2 5.2 
Nonwoven polypropylene 2.7 2.5 
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 Gentry [18] found that tufting gauge had little measurable effect on dimensional 

stability, although he did find that the 5/64 gauge carpets had the highest unrecovered 

extension.  It is reasonable to assume that the number of tufting needles across the width 

of the fabric penetrating the primary backing would affect the widthwise dimensional 

stability.  Gentry also found no definite relationship between total carpet weight and 

unrecovered extension although he did find somewhat of a trend to higher unrecovered 

extensions with lower weight carpets.   

 Using Sudnik’s rule of thumb [47] that carpets having lengthwise plus widthwise 

unrecovered extension greater than 2.5% generally performed unacceptably when 

installed and those having unrecovered extension less than 2.0% almost always 

performed satisfactorily, Gentry [18] concluded that, using 2.0% as the maximum 

allowable unrecovered extension, 4 of the 75 carpets he tested (~5%) would exhibit 

unacceptable dimensional stability after installation.   

 

5.2  Dimensional Stability in Floor Trials  

 In the late 60s, Sudnik [47] conducted several floor trials with various types of 

carpet in order to compare the data to a test method he was developing.  Carpets were laid 

in entrance ways or corridors and exposed to pedestrian traffic of approximately 60,000 

people.  Sudnik then either measured the dimensions of the carpet before and after use or 

had a panel of observers rank the carpets in order of performance.  Floor trials are time-

consuming and often expensive to conduct, but they can be useful to determine at what 

point dimensional changes result in visual defects.  Table 5.3 lists the data Sudnik found 

in the first trial in which he compared a woven carpet to a tufted carpet having a primary 

backing only and a tufted carpet having both primary and secondary backings.  The tufted 

carpet with only a primary backing showed by far the largest increase in dimensions.   

 In his second trial, Sudnik compared carpets with differing amounts, 10, 15, 20 

and 30 oz./yd2 dry weight, of back-coating compound used to attach the secondary 

backing.  The data from this trial, shown in Table 5.4, indicates that as the back-coating 

weight decreased, the buckling of the carpet increased with the buckling of the carpet 

with 10 oz/yd2 being the most severe.  There was no buckling at all for the carpet with 30 
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oz/yd2 and the carpet with 15 oz/yd2 was considered borderline.  A third trial was 

performed comparing tufted carpets with jute and PP primary backings with some using a 

waffle backing.  The data, shown in Table 5.4, indicates that the carpets with the 

secondary backing and the PP primary and waffle backing were both acceptable while the 

carpet with the jute primary only was unacceptable.   

 

 

Table 5.3.  Percentage increase in dimensions of various carpet types in a floor trial 
including a performance rating [47].    
 
Description Percentage Increase 

   Length         Width           Total 
Performance 

Rating 
Tufted, jute primary only 0.7 2.5 3.2 Unacceptable 
Tufted, jute primary & 
secondary 

0.1 0.3 0.4 Acceptable 

Woven, Axminster 0.1 0.0 0.1 Acceptable 
 

 

Table 5.4.  Performance ratings and non-recoverable extension values for various carpets 
subjected to floor trials [47]. 
 

Back-coating Weight 
(oz/yd2) 

Visual Ranking 
for Buckling 
Resistance 

(1 best) 

Performance 
Rating 

Non-Recoverable Extension 
(%) 

 
  Warp          Weft          Total 

10 4 Unacceptable 0.8 1.8 2.6 
15 3 Borderline 0.7 1.6 2.3 
20 2 Acceptable 0.6 1.4 2.0 
30 1 Acceptable 0.5 1.4 1.9 

      
Carpet Description      
Tufted, jute primary 

only 4 Unacceptable 0.9 2.9 3.8 

Tufted, jute primary & 
waffle backing 3 Borderline 0.6 1.9 2.5 

Tufted, jute secondary 2 Acceptable 0.6 1.3 1.9 
Tufted, PP primary, 

waffle backing 1 Acceptable 0.5 0.7 1.2 
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 Sudnik compared these floor trials to measurements of non-recoverable extension 

that he made using an Instron.  Non-recoverable extension was obtained by taking the 

difference in extension between the first and tenth load-extension curves after ten 

extension/recovery cycles were completed (with carpet samples 5 cm wide, gauge length 

10 cm, constant rate of extension 1 cm/min.).  His data, given in Table 5.4, shows good 

correlation with the visual observations.   

 After conducting additional various floor trials in private homes, Sudnik [47] 

concluded that an increase in either width or length direction of over 1% causes buckling 

to be detectable and an increase of 2% in either direction resulted in buckling that was 

usually considered to be very excessive.   

 

5.3  Strength, Stress Relaxation, and Creep  

 In 1982, Monson [33] studied the mechanical properties of 8 tufted carpets with 

nylon pile yarns and various combinations of backings.  Three types of primary backings 

were studied including woven PP, nonwoven PP, and nylon-capped, woven PP while the 

five secondary backings included jute, two typed of woven PP, a stabilized woven 

synthetic, and no secondary backing, as shown in Table 5.5.  The variables of carpet pile 

weight, backcoating weight, stitches per inch, and gage were held constant.  Two 

different compounds of latex were also studied, 60/40 and 50/50 styrene/butadiene ratio.  

The carpets were divided into 3 categories based on information obtained from a carpet 

manufacturer about the performance of the carpets in use (2 of the carpets were 

experimental only).  The first category was for carpets demonstrating no problems with 

carpet growth in installation which included the 2 carpets with woven PP primary and 

jute secondary.  The second category, for carpets showing problems with carpet growth 

when used in large areas, but no problems when used in residential or small area 

commercial applications, included the nylon-capped PP primary/PP secondary and the 

woven PP primary/woven PP secondary.  The third category was for carpets that have 

shown problems with carpet growth following stretch installations and included the 

nonwoven PP primary/jute secondary and nylon-capped PP primary/no secondary.  

Looking at these categories, it is apparent that a secondary backing is useful for limiting 
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carpet growth, but a good secondary backing cannot substitute for a poor or borderline 

primary backing.   

 

 

Table 5.5.  Carpet samples used by Monson [33]. 
Carpet 
Type 1 2 3 4 5 6 7 8 

Primary 
backing 

Woven 
PP 

Woven 
PP 

Nonwoven, 
spunbond 

PP 

Nylon-
capped 
woven 

PP 

Woven 
PP 

Nylon-
capped 
woven 

PP 

Nylon-
capped 
woven 

PP 

Woven PP 

Secondary 
backing Jute Jute Jute Woven 

PP 
Woven 

PP Nothing Woven 
PP 

Latex 
Stabilized 
Synthetic 

Scrim 
Latex 
Compound: 
%Styrene / 
Butadiene 

60/40 50/50 60/40 60/40 50/50 60/40 60/40 60/40 

Pile Type Loop Loop Cut Cut Cut Loop Cut Loop 
Pile Weight 
(oz/yd2) 28.3 28.3 28.0 24.0 25.0 28.3 24.0 28.3 

Backcoating 
weight 
(oz/yd2) 

31.10 32.53 26.27 28.55 29.52 33.10 - - 

Stitches/in. 8.4 8.4 9.6 6.2 8.7 8.4 6.2 8.4 

Gage (in.) 1/8 1/8 1/8 3/16 3/8 1/8 3/16 1/8 

 

 

 Monson performed stress relaxation tests on her carpet samples using an Instron 

tensile tester with 1” high by 3” wide jaws, a gauge length of 10 inches, 2”x12” samples, 

and a rate of extension of 1 inch/minute.  Some samples were tested at extensions of 1, 

1.5, 2, 2.5, 3, and 3.5% with the majority of the work using extensions of 1 and 2%.  

Samples were extended the specified amount and the reduction in load continuously 

recorded for the first hour with subsequent readings taken at 2, 3, 4, 5, 6, and 12 hours.  

Monson also performed grab strength tests and creep tests.   

 Monson found no significant difference in breaking load between carpet samples 

1 & 2 and 4 & 5, i.e. the carpets that differed from each other mainly due to latex 
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styrene/butadiene composition.  Carpet 5 (woven PP primary and secondary) had the 

highest breaking extension while carpet 3 (nonwoven PP primary/jute secondary) had the 

lowest breaking load and breaking extension.  She also found that as the % extension 

increases, the initial and retained loads increase while the shape of the relaxation curves 

are still similar.  For the stress relaxation tests, Monson found no significant difference 

between most of the carpets in terms of the slope of the relaxation curves.  The 

exceptions were carpets 6 (nylon-capped PP primary/no secondary) and 7 (nylon-capped 

PP primary/woven PP secondary), with both carpets having significantly higher rates of 

relaxation.  Monson also found that carpet 6 (no secondary) had higher amounts of creep 

while carpets 1-3 (jute secondaries) had lower amounts of percent extension than the 

other carpets.  While the relaxation properties did not differentiate between many of the 

carpets, differences were found in creep properties between most of the carpet samples, 

with only carpets 1 & 2 (different latex compounds) and 4 & 7 (both had woven PP 

secondaries but from different manufacturers) showing no difference in creep.  Monson 

concluded that secondary backings had the most influence in determining creep behavior, 

and samples constructed with secondary backings of woven PP were observed to have 

higher creep curves than samples backed with jute.   

 

5.4  Viscoelastic Behavior at Elevated Temperatures  

 Schaff and Ogale [42] investigated the effects of elevated temperatures on the 

viscoelastic behavior of spunbonded nonwoven PP carpet backings.  During the dyeing 

and drying processes, the tufted, greige carpet is stretched in both warp and filling 

directions while temperatures can range from 82-110°C for up to 10 minutes.  Schaff and 

Ogale tested the stress-strain properties of 28 samples of tufted greige carpet and 90 

samples of untufted nonwoven backing using an Instron tensile tester equipped with an 

oven at 100, 82, 77 and 72°C.  They also conducted stress relaxation tests using the same 

Instron at a strain of 8%.  Due to high weight variations in the nonwoven backing, they 

were not able to achieve good results when testing a different fabric sample at each 

temperature.  So, in order to eliminate sample-to-sample variations, they tested each 
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fabric sample at all of the temperatures for the stress relaxation tests, allowing the fabric 

to relax for a time period in between.   

 Schaff & Ogale [42] found that the tufting process decreased the tensile modulus 

from 27.7 MPa to 5.3 MPa (about 80%) and almost doubled the %coefficient of variation 

(%CV) in the modulus values within a roll of fabric.  They attributed this result to 

filament damage and the breakage of a significant number of thermal bonds that held the 

filaments together.  At 100°C, the modulus was found to be half that at room 

temperature. All relaxation moduli decreased significantly with time.  Over a 10-minute 

test, modulus values decreased by over 50%, indicating that considerable stress relaxation 

occurs in the temperature range of 72 to 100°C.  These results are not surprising since at 

100°C, polypropylene is significantly above its glass transition temperature (with is -

15°C to 10°C).  They also fit a viscoelastic model to their average stress relaxation curve, 

which was discussed in Section 3.6.   

 

5.5  The Effect of Humidity 

 Changes of more than 50% in relative humidity (RH) can occur frequently in 

homes especially during the summer, so carpets that are not stable to changes in humidity 

may be more susceptible to buckling or wrinkling.  A high amount of humidity can cause 

fibers to swell, usually more notably across the width of the fiber than along its length, 

which in turn, can result in an increase in fabric dimensions and therefore, in buckling 

[48]. 

 Sudnik and Jones [48] found that exposure to increased humidity usually caused 

an increase in fabric dimensions which was typically reversible.  They also found a linear 

relationship between change in dimensions and relative humidity from 35% to 85%.  An 

expansion of more than 0.5% per 50% relative humidity change was determined to cause 

an unacceptable degree of carpet buckling.  If the expansion was not more than 0.25% 

per 50% change in RH in either warp or filling, then buckling may be noticeable but was 

still regarded as acceptable.  Most of Sudnik and Jones’ study involved needlefelt type 

floorcoverings.  The tufted carpet samples they tested, one with a jute primary and a foam 
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secondary and the other with a woven PP primary, as well as the Axminster woven carpet 

sample, apparently showed no measurable alterations in size when transferred from 35% 

to 85% relative humidity.  They believed this was due to the heavier weight of tufted 

carpets and their three-dimensional construction as compared to needlefelts. 

 In the second part of his study, Gentry [19] studied the effect of humidity on the 

dimensional stability of carpets, testing 50-cm square samples of carpet representing the 

variables previously shown in Table 5.1.  He measured the samples in the lengthwise and 

widthwise directions after conditioning them at 21°C and 65% relative humidity and then 

at 21°C and 15% relative humidity.  He then calculated the linear change in percent from 

65% RH to 15% RH and from 15% RH to 65% RH.  He found that carpets from almost 

all manufacturers decreased in dimensions in both the length and width directions when 

exposed to the 15% RH atmosphere and increased in dimensions when transferred back 

to the 65% RH atmosphere.  The large differences he observed among manufacturers 

were attributed to the different latex characteristics used by different manufacturers such 

as styrene/butadiene ratio, amount of filler, weight of latex applied, latex curing 

conditions, and tensions applied to carpets during tentering.  He concluded that latex 

characteristics must have a major influence on stability to humidity changes.   

 Gentry [19] also found that lengthwise change is usually much greater than 

widthwise change, perhaps due to the stresses applied to carpets during latex curing, the 

absorption characteristics of the pile yarn, which is inserted in the lengthwise direction, 

or the different warp and filling characteristics of the backing fabrics.  During latex 

curing, carpets are stretched on tenter frames in the width (filling) direction.  An 

exception to this observation was found with the carpet containing woven polypropylene 

primary and secondary backings where the dimensional change in the widthwide 

direction was twice that in the lengthwise direction.  This probably is due to the tape 

yarns in the warp and the spun yarns in the filling of the secondary backing.  The warp 

yarns have lower crimp which would result in lower extensibility at low forces while the 

filling yarns have greater extensibility.  The ability of the fabric to move more in the 

filling direction at low loads allows there to be a greater dimensional change.   
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 Gentry [19] found that generally, larger dimensional changes were observed in 

carpets containing jute primary or secondary backings while lower changes were found 

with polypropylene backings.  This is to be expected because of the moisture regains of 

the two fibers.   Gentry [19] found no apparent relationship between stability to change to 

humidity and total carpet weight or tufting gauge.   

  

5.6  Summary 

 Carpets experience and must resist forces during installation and under end use 

conditions.  Two major sources of forces which carpets must resist are mechanical 

actions resulting from the stretching procedure during installation and mechanical actions 

resulting from pedestrian traffic throughout the life of the carpet [18].   

 Published works relating to the dimensional stability of carpets has focused on 

comparing different types of primary and secondary backings in the macroscopic sense, 

i.e. comparing jute versus polypropylene primary and secondary backings, woven versus 

tufted carpets, and woven, nonwoven, foam or other types of secondary backings.  No 

published work has been found that investigates the effect on dimensional stability of 

constructional changes on a smaller scale, such as an increased number of ends or picks 

per inch.  

 Two rules of thumb derived from previous research may be useful.  A linear 

expansion of more than 0.5% per 50% RH was determined by Sudnik and Jones [48] to 

cause an unacceptable degree of carpet buckling.  If the expansion was not more than 

0.25% per 50% RH in either warp or filling, then buckling may be noticeable but was still 

regarded as acceptable.  However, generally, an increase in either width or length 

direction of over 1% causes buckling to be detectable and an increase of 2% in either 

direction results in buckling that is usually considered very excessive [47].   

 In terms of non-recoverable extension, Sudnik’s rule of thumb [47] is that carpets 

having lengthwise plus widthwise unrecovered extension greater than 2.5% generally 

performed unacceptably when installed and those having unrecovered extension less than 

2.0% almost always performed satisfactorily, so that 2.0% unrecovered extension can be 

considered to be the maximum allowable unrecovered extension.   
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6.0  Installation Services:  A Vital Component of Customer Satisfaction in the 
Carpet Industry 
 
 The problem of carpet buckling can be attributed only partially to the physical 

characteristics of the carpet itself.  Another factor that can cause or aggravate carpet 

buckling is poor carpet installation.  A study of the carpet buckling problem would be 

incomplete without addressing the issues of proper carpet installation, how it can be 

achieved, and how the industry is struggling with installation issues.   

 

6.1  The Effect of Poor Installation on the Carpet Buckling Problem 

One independent carpet contractor [30] estimated that 75% of buckling problems 

are due to improper installation, with the remaining problems due to faulty materials, 

improper specification of installation method, or reactions to climatic changes.  Proper 

carpet installation is an issue that carpet manufacturers have traditionally relegated to 

carpet retailers, but increasingly, with installation problems on the rise, many 

manufacturers have seen the need to deal with the issue themselves. 

  According to the Carpet & Rug Institute (CRI) [56], carpet buckling is usually 

caused by the following: 

♦ failure to adequately stretch the carpet using a power-stretcher 

♦ use of an inappropriate or failed cushion 

♦ inadequate fastening of the cushion 

♦ excessive temperature and/or humidity 

♦ a combination of the above. 

In particular, carpet buckling problems are more likely to occur if the carpet is not 

properly and evenly stretched to the specified 1 – 1½%.  Carpet that is loose may also 

buckle when wet cleaned, but will sometimes return to its original position upon drying.  

Carpet may also stretch locally 1-2% after it has been exposed to foot traffic [57].   

 

6.1.1  The Effect of Environmental Conditions During Carpet Installation 

 A conversation with a local carpet installer revealed that most of the complaints 

they receive about carpet buckling are for carpets that were installed in the winter 
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months.  Then, in the following summer, the warmer temperatures and/or higher 

humidity allows the carpet to stretch and loosen up more easily, resulting in complaints 

about buckling.  When a carpet is installed in the winter, the drier, colder temperatures 

make the carpet stiffer and more difficult to stretch to the recommended 1- 1½%.  On the 

other hand, if carpet is installed in the summer, the warmer and more humid weather 

allows the carpet to be stretched more easily and the recommended 1-1½% stretch can be 

achieved more evenly and consistently.  Then, in the following winter, any contraction of 

the carpet due to colder, drier temperatures, does not create a problem since the carpet is 

held in its original position with tack strips.   

 

6.2  Types of Carpet Installations 

 There are three basic types of tufted carpet installation: the stretch-in method, the 

direct glue-down method, and the double glue-down method.  The stretch-in method is 

the most common method for installing residential carpet and allows the use of a 

separate, thicker cushion.  While the stretch-in method is the only method that 

experiences problems with buckling, there are several reasons why it might be preferred 

over the other methods.  The three methods are compared in Table 6.1.   

As shown in Table 6.1, one of the greatest advantages in using the stretch-in 

method is the ability to incorporate a separate carpet cushion.  According to the Carpet 

Cushion Council [58], a high quality separate carpet cushion can offer the following 

advantages to carpet installations: 

♦ extends the life of a carpet by reducing the impact exerted on the carpet 

♦ makes a carpet seem richer, more luxurious, and more supporting, i.e. it 

imparts resiliency and resistance to pressure and can reduce walking fatigue 

♦ improves the wear resistance of a carpet, and 

♦ significantly improves a carpet’s acoustical and thermal insulation properties, 

i.e. results in higher noise reduction coefficients, impact noise ratings, and R-

values (resistance to heat flow). 

By choosing from a variety of cushions, a consumer can select the degree of luxury or 

firmness of tread they desire.   
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There are several factors involved in carpet installation besides the installation 

itself, including floor preparation, carpet removal, and cleaning and repair of the floor 

after removal.  When all of these factors are considered, the overall costs of installing a 

carpet by the stretch-in method over a separate cushion may be less expensive than a 

direct glue-down installation [58]. 

 

 

Table 6.1.  A comparison of the three types of tufted carpet installation [56]. 
 

Stretch-In Installation Direct Glue-down 
Installation 

Double Glue-down 
Installation 

Can be installed with a separate 
cushion, resulting in: 

Carpet is glued directly to floor A cushion is glued down first, 
then the carpet is glued down 

Enhanced underfoot 
comfort 

Seams are more durable since 
there is no vertical flexing 

Combines the stability of glue-
down installations with the 
cushioning benefits of a separate 
cushion 

Better acoustical 
properties, i.e. higher noise 
reduction coefficients and 
higher noise impact ratings 

Minimized buckling in buildings 
with extreme temperatures and 
humidities 

Improves appearance retention, 
foot comfort, and overall 
performance compared to direct 
glue-down 

Increased thermal 
insulation (R-value) 

No re-stretch situations  

Can be used over floors that are 
unsuitable for glue-down 

Facilitates access to electrical 
lines under the floor 

 

Patterned carpet may be more 
easily matched 

Intricate border and inlay 
possibilities 

Simplifies bordering and 
inlaying 

Size restricted to smaller areas to 
minimize buckling and allow 
adequate, even stretching 

No restrictions to area size No restrictions to area size 

Corrective measures, such as 
seam repair, may be easier to 
perform 

Usually less expensive  

Should be avoided: on ramps, 
inclines, in heavy rolling traffic 
areas, and where excessive 
humidity is present 

Suitable for rolling traffic and 
ramps 

Suitable for wheeled traffic areas 

Removal costs usually are less 
than glue-down installations 

Initial installation costs may be 
less, but labor costs for removal 
may be higher 
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6.3  Standards for Carpet Installation 

The Carpet and Rug Institute has published standard guidelines for installing 

residential (CRI 105) and commercial carpets (CRI 104) that are widely recognized as the 

standard installation guidelines for the industry.  According to their technical bulletin on 

carpet buckling [6], there are several important steps that should be taken during 

installation to prevent buckling problems.   

1. The carpet should be acclimated to the environment and should not be 
installed when it is cold and stiff. 

 
2. Carpet must be power-stretched 1 to 1½% in both directions and not installed 

with a  knee kicker.  
 

3. The correct carpet cushion must be used.  Cushion that is too thick and too 
soft will allow excessive flexing of the carpet causing it to loosen up.  CRI 
recommends a cushion no thicker than 7/16 inch for residential applications. 

 
4. The tack strip must be adequate to hold the applied stretch.   

 
 The issue of using a knee kicker versus a power stretcher, both shown in Figure 

6.1, to stretch carpet is an issue that continually arises in the trade literature.  Knee 

kickers are inexpensive and useful for positioning or moving carpet, carpeting stairs, and 

working in small confined spaces, but are not considered adequate for stretching.  Knee 

kicking only puts the stretch between the installer’s knee and the wall, whereas a power 

stretcher allows the installer to spread the energy across the entire carpet and is the only 

reliable way to achieve the recommended 1 to 1½% stretch.  The use of knee kickers is 

also associated with higher knee injuries and disorders among carpet installers.  A power 

stretcher is recommended by the National Institute for Occupational Safety and Health 

[35] as a safer alternative to the knee kicker that does not use the knee.  The 

disadvantages of power stretchers, which may limit their use, include its higher cost and 

larger size and weight which make it difficult to carry.   

According to the “Carpet Guru” [59], if a power stretcher is not used, a new 

carpet will develop wrinkles in less than six months.  In the past, jute backings were 

softer and more flexible and could be properly “knee-kicked” in, but modern synthetic 
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carpet backings do not allow the use of a knee kicker alone.  The Carpet Guru’s rule [59] 

is that any room over 10’ x 10’ needs to be power-stretched to avoid future wrinkles.  

    

 

            
 
 
 

 

 

6.4  Striving for Customer Satisfaction – The Challenge of Installation Services 

 Carpet is a difficult product to sell and not just a “clean sale” because of the 

necessity for installation.  Installation services have been described as a complicated, 

risky business with a high volume of consumer complaints [61].  Section 6.5 estimates 

the cost of the carpet buckling problem to the carpet industry, including retailers, 

manufacturers, and consumers.   

 In the mid-90’s, some carpet manufacturers, most notably Shaw Industries, began 

to acquire carpet installation companies as part of a strategy to form a distribution 

network that would streamline the carpet purchasing process for the consumer and 

improve customer service.  By taking more control over installation services and by 

developing distribution alliances with other carpet mills, manufacturers can ensure that 

their products are being installed properly [17].  

   

Figure 6.1.  A carpet installer using a power-stretcher (a) and a kneekicker (b).   
Sources: (a) [56], (b) [35]. 

a. b.
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6.4.1  The State of the Carpet Industry 

In the mid-90s, Orcon Corporation, a manufacturer of floor covering installation 

products whose primary customers are carpet installers, commissioned two studies to 

identify the forces and factors at work in the carpet industry and the current problems 

faced by retailers and installers.   

 In the first study, the Industrial Performance Group was retained to conduct 

interviews throughout the U.S. with leaders in the various segments of the industry, 

including fiber manufacturers, floor covering retailers, installers, and consumers.  The 

study found that the majority of problems experienced by industry participants can be 

directly attributable to four major  “industry realities” [5]. 

Reality #1.  A Capacity-Driven Industry.  Despite a slowing rate of growth, 

carpet mills remain capacity-driven rather than market-driven.  Heretofore, the main 

focus of carpet mills has been to reduce manufacturing costs by means such as vertical-

integration into other areas of production and mergers and acquisitions to gain economies 

of scale.   

Reality #2.  A Lack of Focus on Quality.  According to the study, the carpet 

industry has generally lacked a focus on quality, lagging behind other industries, with an 

approach to quality problems that seems to be one of claim resolution rather than problem 

prevention. 

Reality #3.  Retailer-Oriented Sales and Marketing Efforts.  Typically, carpet 

mills operate under the assumption that the retailer rather that the end-user is their 

primary customer.  Therefore, their sales and marketing strategies are designed to meet 

the needs and expectations of the retailer rather than helping to create end-user demand.  

Once their rolls of carpet have been delivered to the dealers, carpet mills generally view 

their sales and marketing responsibilities to be completed.  Since there is commonly a 

low level of product/application knowledge at the retail level, unrealistic customer 

expectations can be created for product performance and installation.  As a result, the 

industry is experiencing a growing incidence of claims related to unmet customer 

expectations. 
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Reality #4.  Undervaluation of Installation.  Despite its importance to 

profitability and customer satisfaction, the industry places little or no value on the proper 

installation of carpet products.  Meanwhile, carpet mills have been introducing new 

products that require higher levels of knowledge and skills for proper installation.  The 

result is an environment where the performance demands placed upon the installer have 

greatly increased while installer compensation has remained relatively flat.  As a result of 

these conditions, many installers have been driven to alternative floor coverings for their 

livelihood or have left the industry altogether. The majority of the installers who remain 

in the industry do not have sufficient incentive to enhance their existing knowledge and 

skills.  The de-valuation of installation has led many carpet manufacturers and retailers to 

view installation as a cost that must be controlled rather than as an opportunity to 

increase customer satisfaction and profitability.  

Orcon summed up the study as follows [5]:  “Although mills and retailers alike 

acknowledge that the cost of installation-related claims is extremely high, the industry in 

general has not devoted sufficient attention to determining the costs associated with them 

and their impact on customer satisfaction. At both the mill and retail level, the current 

focus continues to be on claim resolution rather than problem prevention.”   

 

6.4.2  A Survey of Carpet Retailers 

 The second survey commissioned by Orcon [15] was through the Gallup 

Organization who conducted telephone interviews in 1995 of 506 carpet retailers with at 

least $1 million in annual sales to determine the most important issues impacting 

profitability.  In the survey, a large number of retailers reported that they were losing 

sales and delaying installations because qualified installers were not always available 

when needed.  Orcon dubbed this the “carpet installation crisis”.  The two top issues 

impacting profitability were found to be installation and product quality (i.e. a rise in 

manufacturing defects).  Retailers responding to the study reported that the combined 

effect of installation and carpet quality problems was slicing 8 to 12 percentage points off 

their profit margins [15, 49].  The study was summarized by four retailer concerns.   
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Concern #1:  Lost Sales and Delayed Installations.  The Gallup study found 

that 44% of the carpet dealers surveyed said they had lost sales and 69% said they have 

had to delay an installation job because they could not find a good installer when needed.  

Concern #2:  A Shrinking Pool of Qualified Installers.  Seventy-six percent 

(76%) of the retailers who responded to questions regarding installation problems 

expressed the need for better carpet installers.  There also seems to be a critical lack of 

available training for carpet installers. Nearly half (48%) of all respondents said that 

better installer training is needed, but 65% indicated that no such training is available in 

their local communities. Walker [50] believes that the growth of the carpet industry may 

be limited by the lack of qualified installers.  

Concern #3:  The Impact on Profitability.  The Gallup survey found that 

installation claims are having an impact on retailers’ profitability with 57% of 

respondents agreeing that their profitability has been noticeably affected.  Those 

respondents who said they experienced carpet installation problems reported spending an 

average 9.5 hours every week dealing with them. For those respondents with more than 

$2 million in annual sales, the average time increased to 14 hours a week. 

Concern #4:  Missed Opportunities.  An overwhelming majority, 91%, of 

respondents agreed that installation is important to their customers, with 86% reporting 

that their customers are willing to pay for quality installation and 40% saying their 

customers are “very willing” to do so.  This indicates that the consumer is aware of 

potential installation problems either by personal experience, observation, or word-of-

mouth, and is willing to pay to avoid them.   

 

6.4.3  An Industry “Think Tank” 

 In late 1995, a group of top-level executives representing all segments of the 

carpet industry formed the installation “Think Tank” in order to develop a program 

designed to ensure quality carpet installations and reduce the number of product claims.  

They agreed on a voluntary program involving manufacturers, retailers, and installers 

entitled “Partnership for Consumer Satisfaction.”  The program spells out specific 

responsibilities for members of each industry segment to assist in ensuring customer 
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satisfaction.  Think Tank members emphasized the importance of banding together to 

implement the installer certification program, including financial support from each 

segment of the industry [13].     

 Others in the carpet industry are skeptical about the success of such a program.  

Some question the effectiveness and feasibility of having a universal consumer 

satisfaction program, especially since part of the program includes consumer education 

designed to inform the public about what to expect in an installation.  They argue that this 

may cause more harm than good by causing the consumer more concern and frightening 

them away to another industry.  Others such as John Walker, president of the Certified 

Floorcovering Installers Association (CFI) which certifies installers nationwide through 

their own independent program, believe the Think Tank’s initiative will fail because 

installers have not been adequately represented in the discussions.  One of the greatest 

difficulties in setting up an installer training program is developing a curriculum that 

effectively gauges skills and dedication to the field.  Installers too must be committed to 

customer satisfaction.  Walker also believes the program will not be successful because 

of the same industry politics that prevented such a program from being developed in the 

past [13].   

 The “Think Tank” summarized the root causes of the carpet industry’s problems 

as follows [36]: 

♦ No enforceable standards in place 

♦ Poor communication and training 

♦ Lost focus on the consumer’s needs 

♦ No clear definition of roles and responsibilities 

♦ Lack of value placed on the installer and the importance of their services in 
achieving consumer satisfaction. 

 
 
6.4.4  The Relationship Between Manufacturer, Retailer and Installer 

 The relationship between carpet manufacturer, retailer, and installer has been 

described as "predatory” with continuous finger-pointing and blaming, but there is 

actually a dependent relationship between the three.  Manufacturers need to carefully 



 53

select the retailers that will carry their products and must provide products that are free 

from defects.  Retailers must communicate to consumers knowledge of the product and 

use qualified craftspeople to install the products correctly.   

 Manufacturers typically view retailers as their customers and have no interest in 

installation except perhaps for special products.  They leave installation up to the retailer.  

The retailer is generally held accountable for installations and tends to view installation 

as a necessary cost that needs to be reduced as low as possible.  Installers are generally 

seen as a necessity, but they may actually be the most valuable members of the team 

since they are the ones who make the carpet product useful and have direct contact with 

the consumer. Retailers and installers blame manufacturers for producing and shipping 

out products that don’t always meet quality specifications.  They want mills to increase 

their quality control levels to reduce the number of defects.  According to the Gallup 

study [15, 49], half of the retailers polled said that the number of manufacturing defects 

in the carpet they receive has increased, with 20% reporting that defects are a frequent 

occurrence.  They estimated that manufacturing defects cut their profit margins by 8.6% 

and that they spend an average of 6.5 hours per week dealing with such problems.  Carpet 

mills, on the other hand, argue that the goal of their quality control programs for years 

has been to have 2% or less of all carpet defected.  Also, according to the Floor Covering 

Institute of Technical Services (FCITS), only 2% of carpet product claims are related to 

manufacturer’s defects [49].  

In order for the carpet industry to be successful in their efforts to improve 

customer satisfaction, the interdependent relationship between manufacturers, retailers, 

and installers must be acknowledged by all parties.  Manufacturers must acknowledge 

that carpet products only have value when they are properly installed in the consumer’s 

home, while retailers must admit that installers with the proper qualifications and/or 

certifications are vital to their success. 

   

6.4.5  Certifications and Training for Carpet Installers 

Generally speaking, the carpet installation problem is a result of low paid, 

untrained workers being hired to install carpet regardless of the outcome.  The consumer 
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never knows what they are getting.  Some installers are excellent, some are incompetent, 

and there are many in between [50].   

Generally, the complaints and concerns of carpet installers include:  

♦ lack of motivation to do high quality work because the industry doesn’t reward it 

♦ lack of adequate time to do a quality installation 

♦ lack of compensation for quality work 

♦ receiving the same amount of pay per square yard installed regardless of the difficulty 
of the job 

 
♦ being “forced to install carpet that is not manufactured to specifications” [50], and 
 
♦ having recommended procedures for installing carpet that are not practical in the real 

world, e.g. keeping acclimation and installation temperatures between 65 and 95 
degrees [50]. 

 

Generally in the carpet industry, it is agreed that many installation-related claims 

could have been avoided if the mechanic was adequately trained [13]. However, adequate 

training may not be available in all areas or for all products. Vendors and trade 

associations offer many installation training courses and seminars nationwide each year, 

however, many of these courses are focused on installation of specific products [49].   

Certification of installers is frequently cited as the solution to installation 

problems.  Installers who are certified are held accountable for their skills.  Certification 

programs vary widely.  They may include some or all of the following depending on the 

program: attending a seminar or a series of seminars, passing written exams, and passing 

hands-on exams. The issue then arises: which programs, schools, and certifications are 

valid and should be recognized?  Many retailers today advertise that their installers are 

certified, but did the certifications come from a reliable and reputable organization?  In 

the industry today, there is an over-saturation of certification programs of various degrees 

of difficulty that may or may not truly test the skills of the installer and are difficult to 

distinguish by the consumer.  Why should the installer pay more for a more prestigious 

certification if the consumer cannot tell the difference? 
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A certification program that seems to be gaining widespread acceptance in the 

industry is the Seal of Approval program from the Carpet & Rug Institute.  Since CRI is 

widely recognized as the organization that developed the standard guidelines for carpet 

installation, it would seem reasonable that their program should be the most thorough and 

trusted by manufacturers, retailers, and consumers. The objective of the Seal of Approval 

Program is to help consumers identify carpet retailers and installers who are committed to 

providing the customer with:  

♦ dependable counsel, advice and service from qualified personnel  

♦ assistance in selecting the right carpet to suit specific needs  

♦ carpet installation in accordance with industry standards, and 

♦ the best possible assurance of satisfaction.  

To earn the Seal of Approval, retailers, installers and contractors must demonstrate their 

understanding of industry standards, by successfully completing a written examination, 

and their commitment to uphold them.  In late 1998, 11,000 individuals had taken their 

comprehensive open-book test [41]. CFI has found with their certification programs, the 

rate of passing the certification test is 60% if a 3-hour seminar on correct techniques is 

held prior to the test, but only 30% without the seminar.  A retailer who participates in 

the Seal of Approval program can then display the Seal of Approval emblem, shown in 

Figure 6.2.  This emblem is designed to symbolize a carpet retailers' commitment to 

customer satisfaction and can be readily recognized by consumers.   

   Manufacturers and retailers both agree that certification of installers is important 

for proper installation and consumer satisfaction, but they argue about who should foot 

the bill.  Manufacturers insist that it is the retailer’s responsibility because they are the 

ones who use the services of the installers, while the retailers insist that the manufacturers 

are the ones who should provide training [50].   

 Mills are slowly getting more interested and involved in installation quality.  

Some mills, such as Milliken, require their retail customers to have either someone on 

staff or someone working on their installer’s crew attend an installation program 

conducted by the manufacturer [49].   
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6.4.6  Installer Compensation 

 Carpet installing is an easy trade to enter, only requiring a few relatively 

inexpensive installation tools, liability insurance and a vehicle to transport material to the 

job site.  Generally, there is little training or education required.  Because of the low 

barriers to entry, the lack of quality installers has been a problem in the carpet industry 

for years [49].  Compounding the problem is the lack of a mechanism for rewarding 

installers who have formal training, therefore destroying any motivation for installers to 

get certified or improve their skills. 

 Many installers that work for retailers are not employees of the retailer but are 

subcontractors.  Installers claim that retailers often make up for lost profits resulting from 

discounted prices by reducing installer compensation.  According to a recent article [49], 

retailers may collect $5 to $6 a yard for installation, but they may only pay installation 

contractors about $1.75 to $3 per yard.  Nearly half of what the consumer pays for 

installation is retained by the retailer.  Installers have not had a substantial pay increase in 

more than 20 years.  This could be a part of the reason  so many installation-related 

problems exist [57].  

 The Carpet Buyer’s Handbook [57] relates the following scenario.  If a consumer 

pays $5 a yard for carpet installation, the installer typically receives about half.  For a 100 

square yard installation this amounts to about $250 to be split between the two-man crew.  

Figure 6.2.  The emblem for the Seal of Approval program from the Carpet & Rug  
Institute symbolizes a retailer’s commitment to customer satisfaction  
[56].   
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Out of this, the installer must also pay for his own supplies and expendables, health 

insurance, and various taxes.  The Handbook suggests consumers search out their own 

installer and pay the entire fee to them in order to get a better quality installation.  

 

6.5  The Effect of the Carpet Buckling Problem on the Carpet Industry 

 Carpet buckling, whether it is caused by poor installation or by the structure and 

properties of the carpet itself, results in a loss of time and profits for manufacturers, 

retailers and installers and a loss of satisfaction and confidence from consumers.  The 

only method to correct carpet buckling is to re-stretch the carpet.  There are many factors 

that effect the cost of re-stretching a carpet, including [30]: 

♦ Is the carpet patterned or not? 

♦ Is there furniture present or not? 

♦ Seam locations 

♦ Exact cause of buckling 

♦ Type of material 

♦ Stretching method required 

♦ Can re-stretching be done during the day or must it be done at night? 

 According to the Carpet Manufacturers Association of the West (CMAW) [55], 

most carpet problems occur within the first two years when carpet value is the highest.  

Table 6.2 summarizes the decrease in carpet value over time.  Most complaints about 

carpet buckling occur in the first 6 months to 1 year [16].  The Academy of Textiles & 

Flooring, an organization that offers courses in carpet inspection and cleaning, estimates 

carpet claim amounts to be substantial, about $300,000,000 per year [55].  As the volume 

of carpet sales increases yearly, the amount of carpet claims also increases.   

Quality installers warranty their work against installation-related failures.  

According to Meberg, if consumers were more aware of the importance of installation 

and invested a little more in the price of the installation, they would be less likely to 

experience installation problems.   
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Table 6.2.  The decrease in carpet value over time [55]. 

Usage Period Remaining Value 
First 90 days 100% 
91 days to 1 year 80% 
within the 2nd year 60% 
within the 3rd year 40% 
within the 4th year 20% 
within the 5th year 10% 
after 5 years 0% 

 

 

 

6.5.1  Estimating the Cost of Carpet Buckling to the Industry 

There are no available statistics on the number of consumers that have problems 

with carpet buckling or other carpet installation problems or on the dollar amount these 

problems cost the carpet industry as a whole.  However, there are several ways to 

estimate the size and cost of the carpet buckling problem to the industry using available 

information.  Four estimates, detailed below and summarized in Table 6.3, were 

calculated, including the costs to manufacturers, retailers, and consumers.  The following 

pieces of data were useful in making these estimates: 

♦ According to the Carpet & Rug Institute [9], in 2000, there were 1,760 million 
square yards of tufted carpets and rugs shipped in the U.S., 1,471 million 
square yards of which were roll goods larger than 6’ x 9’ (much of which 
would be installed by the stretch-in method).  

 
♦ In 2000, industry shipments of tufted carpets and rugs equaled $11.066 billion 

at mill level, with shipments of roll goods larger than 6’ x 9’ equaling $9.283 
billion [9]. 

 
♦ The average carpet installation is 1,200 square feet (or roughly 135 square 

yards) [58].   
 
♦ An installer with a good helper can professionally install approximately 135 

yards of residential carpet in an eight-hour day [37]. 
 
♦ In most markets, good installers are paid around $4.00 per yard [37]. 
 



 59

♦ Installation and padding (carpet cushion) are not included in the price of the 
carpet, but are extra charges a consumer must pay.  Installation and padding 
add another $5 - $8 or more per square yard [51].   

 
♦ Frank Wilson [54] estimated that quality and claims cost the manufacturer 

$0.11 per square yard of carpet in 2000.  This number, of course, includes all 
claims/complaints and not only buckling problems. 

 
♦ Hugh Gardner, from BP Amoco [16], estimated that ½% of all installations 

will result in buckling problems.   
 
♦ According to the Gallup study commissioned by Orcon [15], retailers 

surveyed with annual sales of $1 million reported spending an average of 9.5 
hours every week dealing with installation-related problems.  For retailers 
with $2 million in annual sales, the average time increased to 14 hours per 
week.   

 

1.)  Estimate #1:  40,850 failed installations due to carpet buckling each year 

 Let’s assume that 75% (for lack of a better number, i.e. the ‘majority’) of the 

1,471 million square yards of tufted carpeting shipped in 2000 were installed using the 

stretch-in method.  Then, (1,471 million sq. yds) * 0.75 / 135 sq. yds (average 

installation) = 8.17 million stretch-in installations.  Of these, ½% result in buckling 

problems:  8.17 million * 0.005 = 40,850 installations that experience the carpet buckling 

problem each year in the U.S.  This does not include other installation problems such as 

bad seams and does not specify whether the cause of the buckling was the installation or 

the carpet itself.  So, 40,850 customers experienced buckling problems and were 

dissatisfied with their carpet buying experience in 2000.   

 

2.)  Estimate #2:  Buckling problems cost carpet manufacturers $809,000 each year 

Using Frank Wilson’s estimated cost to the manufacturer of $0.11 per sq. yd of 

carpet for quality and claims multiplied by the 1,471 million sq. yds of tufted carpeting 

shipped in 2000, then 1,471 million sq yds * $0.11/sq. yd = $161.8 million is the cost to 

carpet manufacturers each year for quality and claims.  Assuming that only 10% of this 

amount is the cost of claims, then $16.18 million is the cost to manufacturers of claims of 
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all types.  Then, if only 5% of these claims are due to the buckling problem (for lack of a 

better estimate), then carpet buckling problems cost manufacturers $809,000 each year. 

 

3.)  Estimate #3:  Consumers are paying $22.0 million each year for installations 
that fail 
 
 If a good installer is paid $4.00 per sq. yd of carpet and the average installation is 

135 sq. yds, then $4.00 * 135 sq. yds = $540 paid to the installer for an average 

installation.  If 40,850 installations fail due to carpet buckling, then 40,850 installations * 

$540/installation = $22.0 million that consumers are paying for failed installations.   

 

4.)  Estimate #4:  Installation-related problems cost retailers $26 - $35 million per 
year 
 

If retailers with annual sales of $1 million must spend 9.5 hours every week 

dealing with installation-related problems, then 9.5 hrs/week * 50 weeks/year = 475 

hrs./year for retailers with $1 million in sales.  If a retail clerk is paid $8/hour, then this 

translates into: $8/hr * 475 hrs/year = $3800/year for approximately every $1 million in 

sales.  Considering that industry shipments of tufted carpets were $9.283 billion in 2000, 

then $3800/year/$1 million * $9.283 billion = $35.275 million per year equals the cost to 

retailers for installation-related problems.  This estimate includes all installation 

problems, not only buckling, and is based solely on the time lost by retailers in dealing 

with installation-related claims when they could have been engaging in more profitable 

activities. 

Alternatively, using the figure of 14 hours/week for retailers with $2 million in 

annual sales results in a more conservative estimate.  Repeating the calculation above: 14 

hrs/week * 50 weeks/year * $8/hr = $5600/year/$2 million in sales.  Then, $5600/year/$2 

million * $9.283 billion = $25.992 million/year. 
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Table 6.3.  Summary of the various estimates of the costs of the carpet buckling problem 
to the carpet industry and consumers.   
 

Industry Participant 
Affected Estimate 

All 40,850 failed installations each year = 
 40,850 claims due to carpet buckling each year 

Manufacturers cost = $809,000 / year  

Consumers cost = $22.0 million / year for failed installations  

Retailers 

cost = $26 - $35 million / year  
for installation-related claims 

+ loss of consumer confidence,  
satisfaction and repeat business 

 

 

6.5.2  The Value of Customer Satisfaction 

While the above estimates take into account the loss of time and money for 

manufacturers, retailers, installers, and consumers due to failed installations, it is difficult 

to estimate the price the industry pays in terms of lost customer satisfaction.  There is no 

way to gauge the number of people turned off from carpet because they were dissatisfied 

with an installation [49].  According to Flanagan [13], industry studies cite the lack of 

consumer confidence in installation as one of the major reasons for the slump in flooring 

sales. 

Since the carpet product is useless unless it is installed, installation plays a vital 

role in assuring product success and customer satisfaction.   
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7.0  Problem Definition and Research Objectives 

7.1  Problem Definition  

 As discussed in Chapter 5, dimensional stability of carpets has been a continuing 

problem in the industry for years. When a tufted carpet is installed by the stretching 

method, it experiences stress relaxation over time, which can cause the carpet to buckle, 

wrinkle and become loose with the only option being a costly re-stretching of the carpet.  

Since woven and knitted carpets seldom require re-stretching [45], the carpet buckling 

problem seems to be linked primarily to the tufted construction.  Previous research has 

focused on primary and secondary backing properties on a macroscopic scale, i.e. 

comparing jute and PP backings or woven versus nonwoven backings, etc.  However, no 

published work has examined differences in backings on a smaller constructional scale 

such as increases in stitch densities.  Monson [33] found no significant difference 

between latex compositions of 60/40 and 50/50 styrene/butadiene with other variables 

held somewhat constant.  Little work has been found on the effect of latex weight on 

stress relaxation properties.   

 

7.2  Objectives 

This research seeks to analyze the various components of the tufted carpet 

composite structure, identify the role each component plays in the phenomenon of stress 

relaxation, and thereby to identify the cause of carpet “growth” and buckling as far as it 

depends on carpet component properties.  Since an installed carpet is held stretched in 

both dimensions simultaneously, understanding its biaxial stress decay is most important.  

Therefore, a biaxial stress relaxation tester will be used to test various samples of the 

primary backing alone (before tufting), primary backing after tufting (with tufts), the 

secondary backing alone, and the finished carpet after attaching the backings with various 

weights of latex.  The four variables under consideration include: primary and secondary 

backing construction, tufting density, and latex weight.  The secondary backing and latex 

weight are expected to have the greatest effects on stress decay.  A viscoelastic model can 

then be made to represent mathematically a carpet’s behavior under constant load 

conditions over time.  No published work of this nature has been found. 
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Questions to be answered in this research include: 

1) The layer of laminate in the carpet construction seems to be the most likely area for 
mobility to occur.  Does a higher latex weight have a lower rate of stress decay over 
time (i.e. retains a higher level of stress over time)? 

 
2) Do different secondary backings significantly affect the dimensional stability of the 

carpet?  Since warp and filling have different yarn structures (tape yarns in warp and 
spun yarns in filling), is there a significant difference between stress decay rates in 
the warp and filling directions (taking into account the ends and picks per inch)? 

 
3) Do different primary backings significantly affect the stress relaxation of the carpet?  

Is there a difference between warp and filling (both are tape yarns but end and pick 
density are different)? 

 
4) What is the effect of tufting on the dimensional stability of the primary backing 

fabric? Does increased tufting density mean faster stress decay with time do to the 
increased mobility of yarns?  Is it necessary to include the primary backing alone in 
our model or is the tufted primary sufficient? 

 
5) Which of the four factors, primary backing construction, secondary backing 

construction, latex weight or tufting density, seems to be the main cause of carpet 
“growth”?   

 

7.3  Significance and Industry Involvement 

 The proposed research will help build a knowledge base on the time-dependent 

behavior of polypropylene fabrics, carpet and other composite structures.  This research 

will also serve to update the related published work, carried out in the 60s and 70s, to 

account for recent improvements in polymers and latex types.  Viscoelastic modeling of 

the stress relaxation behavior of polypropylene fabrics and the carpet composite structure 

will be useful in understanding the role of various carpet components with respect to 

stress relaxation.  The economic impact of the problem of carpet buckling on the carpet 

industry is difficult to quantify, although some estimates were made in Chapter 6, since it 

requires aggregating customer complaint data from all carpet manufacturers.  This would 

be difficult to do because many manufacturers may be unwilling to admit the amount of 

complaints that they receive and because some carpet buckling problems are undoubtedly 

the result of poor installation and not carpet constructional properties.   
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 To ensure that the variables and testing conditions in this research were useful for 

carpet and carpet backing manufacturers, industry contacts were made at BP Amoco, 

Fabrics and Fibers division.  Amoco is one of the top manufacturers of primary and 

secondary carpet backings and has done much research on carpet constructional 

properties.  They contributed their biaxial tester (see section 8.2) for the experiments and 

agreed to work with one of their customers to produce and supply the various samples 

required.  Producing carpet samples is difficult and can only be done on a limited basis 

with a laboratory tufting machine.  Obtaining carpet samples produced by a carpet 

manufacturer with commercial-scale tufting equipment was desirable in order to get 

realistic samples.  With Amoco’s input, the experiments in Chapter 8 were designed.   
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8.0  Experimental Design and Discussion of Results 

 Following discussions with our industrial partner, four factors were chosen to 

represent the tufted carpet structure:  primary backing construction (11 and 18 

picks/inch), secondary backing construction (with 5, 8 and 11 picks/inch), tufting density 

(8 and 12 stitches/inch), and coating (latex) weight (21/22 and 25/26 oz/yd2).  Details of 

sample constructions are presented in Tables 8.1 through 8.3.  Choice of test samples was 

limited by what was commercially available and could be attained without incurring 

tremendous cost.  For the primary and secondary backings, warp density (ends/inch) was 

held constant due to the strong resistance to changing warp density in the industry.  Latex 

composition was also held constant since all samples were produced by the same 

manufacturer.   

 

8.1  Design of Experiments 

 Each component of the carpet, as well as the finished carpet samples, was tested, 

with three repetitions, using the biaxial tester as described in section 8.2.  Components 

included the primary backings alone, secondary backings alone, and the tufted primary 

backings (with tufts) at each tuft density, as shown in Table 8.1.  (Total number of biaxial 

tests for carpet components was 24 (8 components * 3 reps), since the 8 picks/inch 

secondary was not tested alone.)   

The primary backings are made with polypropylene tape yarns in both warp and 

filling directions and have the same warp construction, 24 ends/inch with 1.25 mm tape 

widths, resulting in 120% warp yarn coverage1, assuming no folding2 [16].  Yarn 

coverage can theoretically be greater than 100%, but in the actual fabric, yarns must twist 

or overlap to fit in the available space.  For the fill yarns in the primary, assuming no 

folding, fill yarn coverage with 11 ppi is 104% and with 18 ppi is 171% [16].  The 

secondary backings consist of a leno weave using 1.25 mm tape yarns in the warp, 

                                                           
1 Yarn coverage is calculated by dividing the diameter, d, of the yarn by the yarn spacing, p, in the fabric 
(i.e. the reciprocal of the yarns/inch), for example (data from Table 8.1):  (1.25 mm * 1 inch/25.4 mm) / (1 / 
24 ends/inch) * 100% = 118%.   
2 The flat, rectangular-shaped tape yarns have a tendency to twist, fold in half, and overlap each other, 
which reduces cover.   
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similar to the primaries.  The fill yarns in the secondary backings are 1750 denier open-

end spun yarns, significantly larger than the warp yarns.  The crimp levels in the warp 

direction of the secondary backings appear to vary with the pick count, i.e. the 18 x 11 

secondary seems to have more crimp in the warp than the 16 x 5 secondary, as shown in 

Figure 8.1.   

 

 

Table 8.1.  Carpet components tested. 

Warp Fill 

Sample Name Ends / 
inch 

Yarn 
Denier1 

Tape 
Width2 

Picks / 
inch 

Yarn 
Denier1 

Tape 
Width2 

Primary Backings:       
11 ppi primary 24 492 den. 1.25 mm 11 1077 den. 2.5 mm 
18 ppi primary 24 492 den. 1.25 mm 18 1062 den. 2.5 mm 

Secondary Backings:       
16 x 5 secondary 16 492 den. 1.25 mm 5 1749 den. spun yarn 

18 x 11 secondary 18 471 den. 1.25 mm 11 1668 den. spun yarn 
   
Tufted Primaries: Primary Backing Used Tuft Density 

11Pr8spi 24 x 11 primary 8 stitches/inch 
11Pr12spi 24 x 11 primary 12 stitches/inch 
18Pr8spi 24 x 18 primary 8 stitches/inch 
18Pr12spi 24 x 18 primary 12 stitches/inch 

  1  As measured by unraveling the fabric. 
  2  Since tape yarns have a rectangular cross-section, the width of the tape can be measured. 
 

   

 
 
Figure 8.1.  The 16x5 secondary backing (left) compared to the 18x11 secondary (right).   
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Finished carpet samples representing the various levels of the four factors were 

divided into two experimental sets or studies, shown in Tables 8.2 and 8.3.  The first 

study (Table 8.2) focused on the effects of secondary backing construction and coating 

weight while holding tufting pattern and primary backing construction constant, while the 

second study (Table 8.3) varied the primary backing and tufting density while holding 

coating weight and secondary backing constant.  Due to difficulties in controlling the 

latex weight applied to the samples during production, the actual latex weights were not 

as precise as desired.  Sample “G” was added later in the study, when our industrial 

partner was able to produce a lower level of latex weight.  Unfortunately, the original 11 

ppi primary was not available and a 13 ppi was used for sample “G” instead.  Three 

repetitions of each factor and level were performed for the finished carpet samples 

resulting in a total of 30 biaxial tests. 

 

 

Table 8.2.  Finished Carpet Study I:  Secondary Backing and Coating/Latex Weight. 
 

Name 

Primary 
Backing 

Constructiona 
ends/in.    picks/in. 

Secondary 
Backing 

Constructiona 

ends/in.    picks/in. 

Tufting 
Density 
@ 5/32 
gauge 

Actual 
Latex 

Amount 
(osy)b 

Average 
Total Carpet 

Weight 
(osy)c 

A-Lo 24 11 16 5 8 SPI 22 50.2 
B-Lo 24 11 16 8 8 SPI 18 47.5 
C-Lo 24 11 18 11 8 SPI 21 51.1 
        
A-Hi 24 11 16 5 8 SPI 26 54.2 
B-Hi 24 11 16 8 8 SPI 25 54.0 
C-Hi 24 11 18 11 8 SPI 25 55.0 
        
G 24 13 16 5 8 SPI 16.5 - 
a  For the primary and secondary backings, yarn deniers can be found in Table 8.1. 
b  Actual latex amount (oz./sq.yd. or osy) was calculated by subtracting the weights of the dyed tufted 
primary and secondary backing from the average total carpet weight.   
c  Average weight in oz./sq. yd.  for the three carpet samples tested (3 repetitions). 
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Table 8.3.  Finished Carpet Study II:  Primary Backing and Tufting Density. 
 

Name 

Primary 
Backing 

Constructiona 
ends/in.    picks/in. 

Secondary 
Backing 

Constructiona 
ends/in.    picks/in.

Tufting 
Density 
@ 5/32 
gauge 

Actual 
Latex 

Amount 

(osy)b 

Average 
Total Carpet 

Weight 
(osy)c 

A-Hid 24 11 16 5 8 SPI 26 54.2 
D 24 18 16 5 8 SPI 24 53.8 
E 24 18 16 5 12 SPI 24 62.5 
F 24 11 16 5 12 SPI 26 63.1 
a  For the primary and secondary backings, yarn deniers can be found in Table 8.1. 
b  Actual latex amount (osy) was calculated by subtracting the weights of the dyed tufted primary and 
secondary backing from the average total carpet weight.   
c  Average weight for the three carpet samples tested (3 repetitions). 
d  Data from sample A-Hi in Table 8.2 is used again here for comparison to D, E, and F. 
 

 

 Figure 8.2 compares the cross section of a tufted primary with a finished carpet 

sample, indicating how the secondary and latex layers add stability.  Figure 8.3 shows the 

tufting pattern on the back of a tufted primary.   

 

 
 

 
a.   
 

 
 
b.   
 
Figure 8.2.  a.)  Cross-sectional view of carpet sample F.  b.)  Cross-sectional view of a 
tufted primary showing the flexibility of the structure.  Tufts easily fall out at the edges. 
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Figure 8.3.  The back of a tufted primary.   
 

 

 

8.2  Experimental Set-up 

8.2.1  Biaxial Testing Apparatus 

 After installation, a carpet is held stretched in both lengthwise and widthwise 

directions simultaneously over very long time periods.  Therefore in this research, it was 

desirable to use a biaxial testing apparatus that would be able to stretch a sample in both 

directions and hold the sample stretched for a period of time.  For this purpose, a biaxial 

tester, designed for testing the stress relaxation of carpet samples, was borrowed from BP 

Amoco Fabrics and Fibers.  The biaxial tester, shown in Figure 8.4, tests 20-inch square 

samples, with one inch around the perimeter of the sample used for clamping the sample 

into place, resulting in actual testing dimensions of 18” x 18”.  All four corners of the 

sample are slit diagonally one inch toward the center in order to alleviate any diagonal 

bias during the test.    
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Figure 8.4.  Experimental set-up including a biaxial stress relaxation tester connected to a 
display meter in parallel with a computer-based data acquisition system using LabVIEW 
software.   
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 The biaxial tester uses two load cells (A and B) to measure the load values in the 

warp (A) and filling (B) directions and two dial displacement gauges to measure the 

elongation of the sample in each direction.  Since this tester was designed specifically for 

stress relaxation testing which requires the sample to be held at a constant elongation for 

a period of time, the dial displacement gauges are simple and the deformation or 

stretching of the sample can be done manually.     

In order to collect the greatest amount of information during testing, the biaxial 

tester was connected to a computer-based data acquisition system, using LabVIEW 

software, that enabled continuous monitoring of stress levels and generation of stress 

relaxation curves.  The experimental set-up, shown in Figure 8.4, consists of the biaxial 

stress relaxation tester which is wired to a display meter and a computer-based data 

acquisition system via a connector box.  (This is an adaptation of the original usage of 

this system, where readings were recorded by hand from the display meter at certain time 

intervals.)  Cables from the load cells on the biaxial tester are connected to a display 

meter which provides the excitation voltage necessary to power the load cells and then 

scales and displays the load readings.  A second wire connects the display meter, via a 

connector box, to the data acquisition (DAQ) card for data collection and analysis by the 

computer.  Since the meter was not equipped with analog output functionality to 

retransmit the signal, the analog input signal coming from the load cells had to essentially 

be split between the meter and computer.  The readings on the meter were used to 

compare and validate the readings acquired by the computer.  Additional details about the 

experimental set-up and calibration of the system can be found in Appendix A. 

 

8.2.2  Computer-Based Data Acquisition – LabVIEW 

The software that was used for data acquisition was LabVIEW version 5.1 using 

the Windows NT operating system.  LabVIEW is an application software package that 

enables the user to program DAQ hardware using the graphical programming language, 

G, which includes many built-in “point-and-click” functions and controls.  Two analog 

input channels, A Warp and B Fill, were configured to read the analog input from each 

load cell in voltage using a differential input mode.  Although the channels could have 
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been automatically scaled to display pounds, it was decided to have the computer read in 

voltage directly and then use the software to scale the voltage readings into pounds based 

on the equations derived during calibration of the system.  This allowed more flexibility 

to accurately scale the data.   

 A LabVIEW program, or “virtual instrument”, was developed that scans both 

analog channels 1000 times each at the rate of 4000 scans/second at predetermined 

intervals.  This waveform was then filtered using a lowpass, Hanning-windowed FIR 

filter to reduce the noise in the readings.  Then, the average of the 1000 scans was taken 

to form one data point which was subsequently graphed and written to a spreadsheet file.  

The program continues taking measurements for a period of 20 hours and then 

automatically stops the test.  Because the test was performed for 20 hours, the amount of 

data that could be collected was enormous.  However, it is not necessary to collect one 

data point every second for 20 hours because the stress relaxation curves level off quickly 

and after about 1 hour, load values change very slowly.  In order to make the data set 

more manageable, the LabVIEW program was designed to take fewer data points as time 

progressed.  The LabVIEW VI developed for this project is described more fully in 

Appendix A.     

 

8.2.3  Stress Relaxation Testing – Methods and Parameters 

 Preliminary testing was performed on “practice” finished carpet samples provided 

by BP Amoco in order to establish the desired testing methods and parameters.  After 

some initial testing, it was decided to stretch samples on the biaxial tester to 1% strain 

and measure the load values for 20 hours.  A value of 1% for the strain was chosen 

because the Carpet and Rug Institute recommends a stretch of 1 - 1½% when installing 

carpet and discussions with BP Amoco revealed that most installers do not exceed 1%.  

So, 1% was taken to be the typical strain value that a properly installed carpet 

experiences.   

Ideally, a stress relaxation test will be performed over a long enough time interval 

to determine the limiting load value over time for the material.  However, the time for 

each test must also be a practical interval that can be performed in a lab on multiple 
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samples.  As shown in Figure 8.5, testing a finished carpet sample over a period of one 

month revealed that the load continued to decrease slowly even after 1 month.  However, 

the stress relaxation curve in Figure 8.5 levels off significantly after 20-24 hours.  Twenty 

hours was chosen as a reasonable compromise between obtaining useful stress relaxation 

data and practical testing time.  Although the curves continue to decrease after this 

amount of time, they do so very slowly.   

 For each test performed, the temperature and humidity were recorded to ensure 

that they were within the standard textile testing conditions of 70°F and 65% relative 

humidity.   

 

 

Figure 8.5.  Preliminary test of a finished carpet sample over one month using the biaxial 
stress relaxation tester.   
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8.3  Results and Statistical Analysis 

Figures 8.6 and 8.7 show stress relaxation curves in warp and fill directions for 

one of the carpets tested and its components.  Each data point in the plot represents the 

average load value of three tests at that time interval.  As shown in the figures, the load 

sustained by the finished carpet is significantly higher than for the individual 

components.  This indicates that the layer of latex used to adhere the carpet components 

together plays a significant role in the amount of load the carpet can withstand.  Visual 

evidence of the significant role that latex plays in carpet construction and properties can 

be seen on the back of carpet sample E-2, shown in Figure 8.8.  When the secondary 

backing was adhered to the tufted primary, some of the warp yarns were distorted or bent, 

and then locked into place in their skewed position by the latex binder.  The picture in 

Figure 8.8 was taken after the sample had been tested on the biaxial tester, i.e. the sample 

had been stretched 1% and released, but the distorted areas were not affected.   
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Figure 8.6.  Stress relaxation curve (average of 3 reps) of finished carpet sample D, 
plotted with its components (tufted primary and secondary backing) – warp direction. 
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Figure 8.7.  Average stress relaxation curve of carpet sample D, plotted with its 
components (tufted primary and secondary backing) – fill direction. 
 

 

 

 
 
Figure 8.8.  Picture of the back of carpet sample E showing warp yarns of the secondary 
backing that were distorted in processing and were locked into place due to the latex. 
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8.3.1  Analysis of the Stress Relaxation Curves Obtained with the Biaxial Tester 

The data from the biaxial tester was initially obtained as load versus time curves, 

containing more than 800 data points, for the 20-hour testing period.  Four sets of 

numbers were extracted from the data in order to represent the curves.  These included:   

1)  the initial load for each curve, i.e. the highest or peak load experienced by the 
sample immediately after it has been stretched 1%; 
 
2)  the endpoints of each curve, i.e. the residual load on the sample after 20 hours;   
 
3)  the percent (%) retained stress, i.e. the residual load after 20 hours divided by 
the initial or peak load times 100%; and  
 
4)  the slopes of the last part of each curve, to estimate the rate of decay.  
 
The endpoint of each curve is the most straightforward measurement, representing 

the residual amount of load the carpet sample experiences after being stretched 1% in 

both directions for 20 hours.  The higher the load after 20 hours, the more taut and less 

likely to buckle the carpet would be.   

The percent retained stress is useful because it accounts for the initial load on the 

sample.  Because the sample on the biaxial tester must be strained by hand, the rate of 

loading may be slightly different each time.  If the rate of loading is faster than average, 

then the initial load may be higher and vice versa.  The percent retained stress essentially 

adjusts the data by accounting for the various initial loads.   

The slopes of the curves indicate whether the residual load after 20 hours has 

leveled off or whether it is likely to decrease further.  The slope was calculated using a 

linear regression on the load data from 5 to 20 hours of the test.  The initial 5 hours were 

excluded because of the highly nonlinear nature of the curve in this region.  This 

simplified the analysis because the last part of the curves could be made linear by taking 

the natural logarithm of the time and then could be described using simple equations.  

The slope gives an indication of the rate of stress decay or, in other words, it indicates 

how close the sample is to achieving its limiting stress value.  If the slope is close to zero, 

then the sample is close to equilibrium.  However, if the slope is steep, then the sample is 

likely to require a greater amount of time to reach equilibrium and additional testing may 
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be required.  Section 8.3.6 will discuss how the slope data that was collected could be 

used to predict residual loads after longer time periods.     

Tables of raw data, including initial loads, residual loads (endpoints), % retained 

stress, and slopes, can be found in Appendix B.  The raw data was analyzed using the 

Statistical Analysis Software, SAS, to determine if the various components of the carpet 

had statistically significant effects on the stress relaxation of the composite.  An analysis 

of variance (ANOVA) was performed for each of six dependent variables, including the 

residual load, % retained stress, and slopes for both the warp and fill directions, on each 

of four data sets, including primary backings alone, secondary backings alone, tufted 

primaries, and finished carpets.   

For the finished carpets, two statistical methods were used to analyze the data.  

First, a series of linear contrasts were used to compare specific groups of carpets to each 

other and second, linear regression was used to isolate the carpet components that had 

significant effects on the dependent variables.   

 

8.3.2  Primary Backings Alone 

The 18 ppi primary retained 10% more stress and maintained nearly twice the 

actual load as the 11 ppi in the fill direction after 20 hours.  As shown in Table 8.4, only 

the residual load in the fill direction showed a significant difference between the 11 and 

18 ppi primaries, with the % retained stress in the fill direction showing a borderline 

significance.  This result makes sense because there are more fill yarns in the 18 ppi 

fabric to sustain the load.  No statistically significant effect was found in the warp 

direction, which is understandable since the warp ends per inch in the two primary 

backings were the same (24 ends/inch).     
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Table 8.4.  Results of the statistical analysis of the biaxial test data for the 11 ppi and 18 
ppi primary backings when tested alone.  α-value = 0.05. 
 
Dependent Variable Least Square Means Value

11 ppi              18 ppi 
P-Value 

(for difference) 
Statistically 
Significant? 

Residual Load, Warp 4.20  lbs 7.73  lbs 0.0607 No 
Residual Load, Fill 6.90  lbs 13.43  lbs 0.0195 Yes 
Retained Stress, Warp 17.93 % 26.33 % 0.0917 No 
Retained Stress, Fill 16.60% 26.83 % 0.0534 No (Borderline) 
Slope, Warp -0.6986 -0.7850 0.5050 No 
Slope, Fill -0.9203 -1.4795 0.0888 No 

 

 

8.3.3  Tufted Primaries:  The Effect of Tufting on the Primary Backing 

 The four tufted primaries tested were combinations of the 11 and 18 ppi primary 

backings and the 8 and 12 stitches per inch tufting densities.  The least squares mean 

values of the primaries and tufted primaries are listed in Table 8.5.  

 

 

Table 8.5.  Least square mean values for the primaries and tufted primaries tested.  
 

Residual Load, 
lbs 

Initial Load, 
lbs 

% Retained 
Stress Slope 

Sample 
 Warp Fill Warp Fill Warp Fill Warp Fill 
11 ppi Primary 4.2 6.9 23.4 41.3 17.9 16.6 -0.6986 -0.9203 
11Pr 8spi (tufted) 5.2 16.4 14.5 38.9 36.1 42.4 -0.7861 -1.9696 
11Pr 12spi (tufted) 7.6 16.3 19.3 37.3 39.2 43.9 -0.9589 -2.1407 
         
18 ppi Primary 7.7 13.4 29.1 50.4 26.3 26.8 -0.7850 -1.4795 
18Pr 8spi (tufted) 9.3 33.0 23.2 76.7 40.0 43.0 -1.0394 -3.5921 
18Pr 12spi (tufted) 7.9 27.5 20.4 65.7 38.5 41.8 -1.0733 -3.4468 

 

 

Several interesting trends are apparent in Table 8.5.  In general, the residual load 

and % retained stress values for the tufted primaries in the fill direction are 2 - 3 times 

higher than the untufted primary backings.  At first, this result does not make sense, since 
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previous studies have shown that the process of tufting damages and weakens the primary 

backing and it was expected that the tufted primaries would show faster rates of stress 

decay and lower amounts of retained stress.  However, the process of tufting forces yarns 

(tufts) through the primary backing, including through the interstices between the warp 

and fill yarns as well as penetrating the yarns themselves.  Consequently, in the tufted 

primary, yarns in the backing have less opportunity for movement within the structure 

and cannot dissipate stress as quickly.  Also, in most cases, the initial loads for the tufted 

primaries were slightly lower than for the corresponding primaries alone.  So, it seems 

that when the tufted primary is stretched initially, yarns move into any open places, 

which are few in number since most of the “holes” were already plugged up in tufting.   

Secondly, the residual load in the fill direction is consistently and significantly 

higher than the residual load in the warp across all of the backing/tufting combinations, 

including the untufted primary backings.  This is most likely due to the denier and width 

of the fill yarns, which is twice that of the warp.  Wider yarns are more likely to be 

penetrated in the process of tufting, which would further restrict their capability for 

movement.  

Another result shown in Table 8.5 is that the largest effect on the residual load 

and the slope after 20 hours is due to the primary backing used, with the 18 ppi backings 

having significantly higher loads and steeper slopes than the 11 ppi primary.  However, 

when the % retained stress is calculated, the effect of the different primary backings 

seems to fade.  The tufting density was found to have no clear effect on the residual load 

or the slope.   

These results were verified by performing a linear regression on the tufted 

primary data to investigate the primary backing and tuft density factors and the 

interaction between the two.  Results of this analysis are given in Table 8.6, including the 

initial model containing all of the factors and the reduced models containing only the 

significant factors.  The method used to reduce the models is discussed in more detail in 

section 8.3.5.2.  Factors that remain in the reduced models can be used to explain most of 

the differences in the data. 
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Table 8.6.  Results of the linear regression on the tufted primary data investigating the 
effects of the primary backing, tuft density, and the interaction between the two.  Data in 
the table are p-values which indicate whether or not each factor contributes significantly 
to the value of the dependent variable.  α-value = 0.05 (95% confidence). 
 

 Tufted Primaries  --  Dependent Variables – P-Values 

Initial Models - Including Interactions 
Factor 

Residual Load % Retained Stress Slope 

 Warp Fill Warp Fill Warp Fill 

Primary 0.0024 
Significant 

0.0196 
Significant 

0.0077 
Significant 

0.2237 
 

0.1381 
 

0.2314 
 

Tuft Density 0.0058 
Significant 

0.3113 
 

0.0101 
Significant 

0.1715 
 

0.1848 
 

0.6583 
 

Primary x 
Tuft Density 

0.0068 
Significant 

0.1794 
 

0.0133 
Significant 

0.1708 
 

0.3040 
 

0.6555 
 

R2 Value for 
Modela 0.7977 0.8830 0.6696 0.2681 0.6065 0.6992 

Final Reduced Models 

Primary 0.0024 
Significant 

< 0.0001 
Significant 

0.0077 
Significant -b 0.0236 

Significant 
0.0008 

Significant 

Tuft Density 0.0058 
Significant - 0.0101 

Significant - 
 
- 
 

- 

Primary x 
Tuft Density 

0.0068 
Significant - 0.0133 

Significant - - - 

R2 Value for 
Modela 0.7977 0.8189 0.6696 - 0.4157 0.6910 

a  The R2 value represents the amount of variability in the data that this model explains. 
b  No factor was found to be statistically significant in this model. 
 

 

 To further examine the trends in the tufted primary data, three linear contrasts 

were performed to determine the effect that the process of tufting had on the primary 

backing.  Linear contrasts are used to make specific comparisons between t population 

means µ1, µ2, ..., µt.  Each linear contrast tests the hypothesis that some sets of means 

being compared are equal (i.e. the difference between them equals zero), and therefore if 
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the linear contrast has a p-value less than 0.05, the hypothesis is rejected and the sets of 

means are considered to be significantly different.  The three linear contrasts performed 

for the tufted primaries included:  

1.)  Comparing the 11 ppi primary to the two tufted primaries, 11Pr8spi and 
11Pr12spi 

 
2.)  Comparing the 18 ppi primary to the two tufted primaries, 18Pr8spi and 

18Pr12spi 
 
 3.)  Comparing tufting densities, 8 spi vs. 12 spi, for both 11 and 18 ppi primaries 
 

As shown in the Table 8.7, the results of this analysis indicate that for almost all 

dependent variables, the tufted primaries were found to be significantly different than the 

untufted primaries, as expected from previous studies.  However, changing the tuft 

density from 8 to 12 spi was statistically indistinguishable in this set of data.   

 

 

Table 8.7.  Results of the linear contrasts of the biaxial test data to determine the effect of 
tufting on the primary backings.  Data in the table are p-values which indicate whether or 
not the linear contrast is 0.  (A p-value less than the α-value of 0.05 is significant 
indicating the linear contrast is not 0.)  
 

P-Values 
Residual Load, 

lbs Initial Load, lbs % Retained 
Stress Slope 

Linear 
Contrast Warp Fill Warp Fill Warp Fill Warp Fill 
 
1)  11 ppi 
Primary vs. 
11Pr8spi & 
11Pr12spi 

0.0244 
Significant 

0.0006 
Significant 

0.0019 
Significant 

0.4986 
 

<.0001 
Significant 

<.0001 
Significant 

0.0674 
 

0.0089 
Significant 

 
2)  18 ppi 
Primary vs. 
18Pr8spi & 
18Pr12spi 

0.3491 
 

<.0001 
Significant 

0.0008 
Significant 

0.0007 
Significant 

<.0001 
Significant 

<.0001 
Significant 

0.0086 
Significant 

0.0001 
Significant 

 
3)  Comparing 
Tufting 
Densities,  
8 vs. 12 spi 

0.5166 0.1242 0.4618 0.1174 0.6179 0.9314 0.1690 0.9660 
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8.3.4  Secondary Backings Alone 

 As shown in Table 8.8,  most of the biaxial data for the secondary backings tested 

did not show any statistically significant differences.  This is probably due to the very 

low load values experienced by the secondary backings (the highest initial load was 15 

lbs).  The secondary backings were difficult to test because of their thin, net-like 

structure.  The fabric structure allowed the yarns to move more freely, dissipating the 

stress quickly.  The biaxial tests performed at 1% strain apparently were not deforming 

the yarns themselves but were just moving the yarns within the fabric structure.  If the 

yarns themselves were deformed, the load values would most likely be higher.   

In Table 8.8, a difference can be seen between the residual loads in the warp and 

fill directions, with the warp having a significantly higher residual load than the fill.  

According to the table of initial load values found in Appendix B, the filling experienced 

an initial load of less than 7 lbs. for all tests including both secondary backings.  This is 

probably due to the spun yarn structure of the filling yarns.  Spun yarns cannot retain 

stress to the same degree as the monofilament tape yarns in the warp.   

 

 

Table 8.8.  Results of the statistical analysis of the biaxial test data for the 16 x 5 and 18 x 
11 secondary backings when tested alone.  α-value = 0.05. 
 

Dependent Variable Least Square Means Value
16 x 5              18 x 11 P-Value Statistically 

Significant? 
Residual Load, Warp 4.00  lbs 3.50  lbs 0.5761 No 
Residual Load, Fill 1.20  lbs 1.67  lbs 0.2161 No 
Retained Stress, Warp 34.47 % 24.07 % 0.0656 No 
Retained Stress, Fill 26.17 % 29.23 % 0.0162 Yes 
Slope, Warp -0.5150 -0.5582 0.7901 No 
Slope, Fill -0.2268 -0.2246 0.9590 No 
 

 

 The one variable that was found to be significantly different between the two 

secondary backings was the % retained stress in the fill direction.  The actual percentages 

of retained stress in the fill were closer together than in the warp direction (26.17 and 
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29.23% in the fill compared to 34.47 and 24.07% in the warp).  However, the standard 

error for the 3 repetitions in the fill direction was much smaller than in the warp.  This 

can be attributed to the very low load values and may not be practically significant.    

 

8.3.5  Finished Carpets 

There were nine different finished carpet samples, labeled A, B, and C, each with 

Hi and Lo levels of latex, and D, E, and F, as previously shown in Tables 8.2 and 8.3, 

with 3 repetitions being tested for each sample.  Finished carpet sample G was added 

later as the 10th sample.  Analysis of the finished carpet data was more complicated than 

analysis of the components alone since there are four factors that come into play 

simultaneously: the primary and secondary backing effects, the tufting density effect, and 

the latex effect.  There are several statistical methods that could be used to analyze the 

finished carpet data.  Two methods are presented here, linear contrasts (section 8.3.5.1) 

and linear regression (8.3.5.2).   

 

8.3.5.1  Analysis Using Linear Contrasts 

Rather than performing least square means analysis, which would calculate and 

compare the means for the nine carpet samples, a series of linear contrasts were 

performed that were specifically targeted to inquire about the effects of the four 

constituents (primary, secondary, tuft density, and latex weight).  The following six linear 

contrasts were initially used to analyze the finished carpet samples: 

1)  Comparing carpets with different primaries 

2)  Comparing carpets with different secondaries (I), is there a linear relationship? 

3)  Comparing carpets with different secondaries (II), is there a quadratic relationship? 

4) Comparing carpets with different secondaries (all), puts linear contrasts #3 and #4  
together 

 
5)  Comparing tufting densities 

6)  Lo vs. Hi latex levels 

 
Because sample G was added later in the study and had a different primary backing (13 

ppi), it was analyzed using two additional linear contrasts: 
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 7)  Hi vs. Very Low (16.5 osy) latex levels, (A-Hi, B-Hi, & C-Hi vs. G) 

 8)  Lo vs. Very Low (16.5 osy) latex levels, (A-Lo, B-Lo, & C-Lo vs. G) 
 
The results for each of the linear contrasts, shown in Table 8.9, will be discussed 

sequentially.   

 

 

Table 8.9.  Results of the statistical analysis of the biaxial test data for the various 
finished carpets.  Data in the table are p-values which indicate whether or not the linear 
contrast is 0.  α-value = 0.05.  
 

P-Values 
Residual Load % Retained Stress Slope Linear 

Contrast Warp Fill Warp Fill Warp Fill 
1)  Carpets with 

different 
primaries 

0.6978 
 

0.0001 
Significant 

0.1694 
 

0.3843 
 

0.9493 
 

0.0571 
Borderline 

2)  Carpets with 
different 
secondaries, I 

0.0026 
Significant 

0.4098 
 

0.0086 
Significant 

0.5973 
 

0.0065 
Significant 

0.3579 
 

3)  Carpets with 
different 
secondaries, II 

0.3120 
 

0.0467 
Significant 

0.8147 
 

0.2007 
 

0.0950 
 

0.1141 
 

4)  Carpets with 
different 
secondaries, all 

0.0068 
Significant 

0.0991 
 

0.0283 
Significant 

0.3782 
 

0.0085 
Significant 

0.1900 
 

5)  Comparing 
tufting 
densities 

0.2311 
 

0.7129 
 

0.0956 
 

0.9062 
 

0.5455 
 

0.0723 
 

6)  Lo vs. Hi 
latex levels 

0.0222 
Significant 

0.0774 
 

0.0120 
Significant 

0.0272 
Significant 

0.0276 
Significant 

0.1810 
 

7)  Hi vs. Very 
Low (16.5 osy) 
latex levels 

0.0017 
Significant 

0.5205 
 

0.0004 
Significant 

0.0238 
Significant 

0.0426 
Significant 

0.5990 
 

8)  Lo vs. Very 
Low (16.5 osy) 
latex levels 

0.0467 
Significant 

0.4721 
 

0.0335 
Significant 

0.4843 
 

0.4789 
 

0.6604 
 

 

 

1)  Carpets with different primaries.  The results of the finished carpets with 11 and 18 

ppi primary backings followed the results of the primary backings tested alone, i.e. the 

initial and residual loads were higher in the fill direction for finished carpets with 18 ppi 
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primaries.  This difference in residual loads in the fill direction was found to be 

statistically significant, as shown in Table 8.9.  This indicates that the effect of adding 

more fill yarns in the primary backing is not obscured when the carpet is finished.   

 

2-4)  Linear contrasts 2, 3, and 4 all examined the effect of the various secondary 

backings.  In general, as the number of fill yarns increased in the secondary backing, the 

residual load in the warp direction also increased, while in the fill direction, the residual 

load stayed roughly the same.  Since there were 3 secondary backings used in the finished 

carpet samples, A (5 ppi), B (8 ppi), and C (11 ppi), there was enough information to 

determine if a linear relationship existed as the picks in the secondary backing were 

increased (warp density was held constant).  Linear contrast #2 grouped together A-Lo 

and A-Hi and compared them to C-Lo and C-Hi, with the hypothesis that they were 

equal.  Interestingly, this linear contrast was only found to be significant in the warp 

direction for the residual load, % retained stress, and slope (despite the fact that it was the 

number of fill yarns that was changed).  This can be explained by considering the effect 

that increasing the number of fill yarns has on the warp.  As the number of fill yarns 

increases, the number and tightness of the cross-over points in the leno weave increases, 

resulting in higher levels of constraint, more areas of contact between yarns, greater yarn-

to-yarn friction, and higher residual loads.     

Linear contrast #3 grouped together B-Lo and B-Hi and compared them to a 

combination of A-Lo, A-Hi, C-Lo, and C-Hi to test whether the relationship between A, 

B and C was truly linear.  If the relationship between the secondaries were perfectly 

linear, than B would be the midpoint between A and C, and B would equal the average of 

A and C.  So, this linear contrast would only fail if the relationship between A, B, and C 

were quadratic or non-linear.  As shown in Table 8.9, linear contrast #3 only failed in one 

case, the residual load in the fill direction, which was not found to be significant in linear 

contrast #2.  Therefore, we can conclude that there is a linear relationship between the 

three secondary backings.   

Linear contrast #4 combined linear contrasts #2 and #3 into one statement in order 

to verify that the secondaries indeed have a linear relationship.  The results are the same 
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as for linear contrast #2, i.e. the residual load, % retained stress, and the slope in the warp 

directions were found to be significant.   

 

5)  Comparing tufting densities.  The finished carpet data in Appendix B shows little 

change and no apparent trends as the tuft density increases.  This observation was 

verified with linear contrast #5, which combined A-Hi and D (8 spi) and compared them 

to E and F (12 spi) to determine the effect of the tufting density.  The linear contrast was 

not found to be significant in any case, so it was concluded that the tufting density in the 

range tested does not have a significant effect on the stress relaxation behavior of carpet.  

The data from the tufted primaries tested alone (section 8.3.3) also supports this 

conclusion.   

 

6)  Lo vs. Hi latex levels.  While the latex level was expected to be a significant factor, 

after examination of the data in Appendix B, it appears that the Hi latex levels had lower 

residual loads and % retained stress values than the Lo latex levels.  This was verified 

with linear contrast #6, which grouped together A-, B-, and C-Lo and A-, B-, and C-Hi to 

get an overall picture of the effect of the two latex weights.  This linear contrast was 

found to be significant in 4 out of the 6 measurements, including % retained stress in both 

warp and fill directions.  This result is the opposite of what is typically expected.  It 

would generally be expected that higher latex levels would bond the carpet backings 

more securely together, restricting their movement and their ability to dissipate stress, 

and therefore having higher residual load values.  However, the latex used in carpets is of 

low quality, containing large amounts of filler, so increasing the amount of low quality 

latex may dominate the behavior of the material and cause the material to reflect the 

properties of the latex.  There may be an optimal level of latex to give good carpet 

performance, and increasing the amount of latex beyond that level may have a 

detrimental effect.   

 

7-8.)  Hi and Lo vs. Very Low latex levels.  Examining the data in Appendix B, it appears 

that the residual load for sample G (“very low” latex level) was generally higher than the 
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Lo and Hi carpet samples in the warp direction and roughly the same in the fill direction.  

However, it is difficult to make a direct comparison between G, A, B, and C since the 

primary backing in sample G had 13 picks/inch, which would enable it to have higher 

residual loads (see discussion above for linear contrast #1).  The results of linear contrasts 

#7 and #8 indicated that the Hi, Lo and Very Low latex levels were significantly different 

in the warp direction for the residual load and % retained stress, as shown in Table 8.9.   

 

8.3.5.2  Linear Regression Analysis 

While linear contrasts seek to answer specific questions about the data, linear 

regressions were used to examine all four factors/components (primary ppi, secondary 

ppi, tuft density, and latex weight) as well as possible interaction effects between the 

factors to determine whether any information in the data was overlooked.  Independent 

variables included the four factors and six interactions while the dependent variables 

included the residual load and % retained stress in the warp and fill directions.  The ends 

per inch in the primary and secondary backings were not included in the linear regression 

because they were held constant in the samples.  Sample G was included in the data set. 

The general linear regression model for the factors/components and all possible 

interactions is the following: 

y = β0 + β1P + β2S + β3T + β4L + β5PS + β6PT + β7PL + β8ST +β9SL + β10TL 

where  y = dependent variable,  
βx = coefficients,  
β0 = y-intercept,  
P = primary ppi,  
S = secondary ppi,  
T = tuft density spi, and  
L = latex level, osy.   
 
This model was the first to be tested for each dependent variable.  Due to 

problems with aliasing, there was not enough data to fully test all possible interaction 

effects between components.  Therefore, four interaction effects had to be removed from 

the model due to lack of data: P*S, P*L, S*T, and T*L.  The reduced model with the 

remaining interaction effects, P*T and S*L, which were thought to be the most likely to 
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be significant theoretically, was then analyzed using SAS and resulted in the p-values for 

each component given in the first half of Table 8.10.   

As shown in Table 8.10, all of the factors did not contribute significantly to all of 

the dependent variables tested.  Therefore, the linear regression model for each of the 

dependent variables was re-tested, removing the insignificant components one by one 

until only the significant variables were left.  The factors/components had to be removed 

one at a time because removing a factor causes the degrees of freedom to shift from the 

model to the error, also causing a shift in the sum of squares and the F-values, which may 

allow factors that were previously insignificant to become significant or vice versa.  

Insignificant interaction effects were removed from the models first, followed by 

insignificant factors.  The remaining significant factors and their p-values for the reduced 

models are shown in Table 8.11.  The factors that remain in the reduced models can be 

used to explain most of the differences in the data.   

 

 

Table 8.10.  Results of the linear regression with interaction effects for the biaxial test 
data for the various finished carpets.  Data in the table are p-values which indicate 
whether or not each factor contributes significantly to the value of the dependent variable.  
α-value = 0.05 (95% confidence). 
 

Models Including Interactions:  Dependent Variables  --  P-Values 
Factor Residual Load % Retained Stress 
 Warp Fill Warp Fill 
Primary 0.0208 

Significant 
0.7814 0.6091 0.4774 

Secondary 0.1014 
 

0.1990 0.0326 
Significant 

0.5003 

Tuft_density 0.0170 
Significant 

0.3407 0.2972 0.2949 

Latex 0.0071 
Significant 

0.1610 0.0007 
Significant 

0.1848 

Primary* Tuft_density 0.0276 
Significant 

0.4104 0.5234 0.3231 

Secondary* Latex 0.0556 
Borderline 

0.1801 0.0176 
Significant 

0.4777 

R2 Value for Modela 0.4899 0.6393 0.6167 0.3439 
a The R2 value represents the amount of variability in the data that this model explains. 
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According to the reduced linear regression models in Table 8.11, for the residual 

load in the fill direction, the primary backing ppi is the most significant contributing 

factor, overpowering the effects of the other factors.  The fill direction may be the easiest 

to interpret since the fill yarns in the secondary backing are not expected to contribute 

due to their spun yarn structure.  However, the tuft density and latex weight may be 

expected to contribute equally in the warp and fill directions.  Most of the factors tested 

were found to significantly contribute to the value of the residual load in the warp 

direction, indicating that no one factor was the most critical.   

 

 

Table 8.11.  Reduced models in the linear regression analysis of the biaxial test data for 
various finished carpets.  Data in the table are p-values which indicate whether or not 
each factor contributes significantly to the value of the dependent variable.  Dashes 
indicate that a factor was not included in the model for that dependent variable.  α-value 
= 0.05 (95% confidence). 
 

Final Models:  Dependent Variables  --  P-Values 
Residual Load, lbs % Retained Stress 

Factor 
Warp Fill Warp Fill 

Primary 0.0208 
Significant 

<.0001 
Significant 

- - 

Secondary 0.1014a - 0.0672 
Borderline 

- 

Tuft_density 0.0170 
Significant 

- - - 

Latex 0.0071 
Significant 

- 0.0020 
Significant 

0.0066 
Significant 

Primary x Tuft_density 0.0276 
Significant 

- - - 

Secondary x Latex 0.0556 
Borderline 

- 0.0425 
Significant 

- 

R2 Value for Modelb 0.4899 0.5981 0.5560 0.2352 
a  Since this factor also appears in an interaction (secondary x latex), it is customary to leave it in 
the model.   
b The R2 value represents the amount of variability in the data that this model explains. 

 

 



  90

 When performing a linear regression in SAS, it also estimates the coefficients 

(βx’s) for each of the factors based on the model.  Table 8.12 summarizes the final 

reduced models for each dependent variable including the βx’s that SAS estimated. 

 

 

Table 8.12.  The final reduced models, including coefficients estimated by SAS, for each 
of the dependent variables tested.  Key:  y = dependent variable, P = primary ppi, S = 
secondary ppi, T = tuft_density spi, L = latex osy. 
 

Dependent Variable Reduced Model with Estimated Coefficients 

Residual Load, Warp y = (-12.25) +(5.62)P + (8.25)T + (-1.72)L + (-0.53)PT + (0.06)LS 

Residual Load, Fill y = (24.91) + (2.24)P 

%Retained Stress, 
Warp y = (56.47) + (-2.49)S + (-1.28)L + (0.12)LS 

%Retained Stress, Fill y = (39.41) + (-0.34)L 

 

 

8.3.5.3  Linear Regression Analysis Using a Smaller Data Set for Testing Primaries 
and Tuft Densities 
 
 In the original design of these experiments, in order to reduce the number of 

samples and tests required, samples were arranged into two sets (as shown in Tables 8.2 

and 8.3).  The second set (Table 8.3) compared A-Hi to samples D, E, and F, changing 

the primary backing and tuft density while keeping the secondary backing and latex level 

constant.   

 The above linear regression took into account the entire data set of samples, 

which included 7 samples with 11 ppi primary backings and 8 spi tuft densities and only 

2 samples with 18 ppi primaries and 12 spi tuft densities.  To determine whether or not 

the extra samples clouded some potential findings, a smaller data set, consisting of A-Hi, 

D, E and F, was analyzed using the same linear regression techniques for the same 
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dependent variables as before.  Table 8.13 shows the results of the linear regression, 

while Table 8.14 summarizes the reduced models for the dependent variables using the 

coefficients that SAS estimated.   

 As shown in Table 8.13, the primary, tuft density, and the interaction between the 

two were all found to significantly contribute to the value of the residual load in the warp, 

while only the primary backing ppi was found to contribute to the residual load in the fill.  

In the warp direction, the ends/inch in the primary were held constant at 24, but as the 

picks in the primary increased, the crimp in the warp yarns also increased, restricting 

movement of the warp yarns.  In the fill direction, the change in the picks/inch in the 

primary overpowered the effects of the other factors.    

 

 

Table 8.13.  Results of the linear regression for the smaller data set (sub-section of the 
biaxial stress relaxation data), including finished carpet samples A-Hi, D, E and F, to 
study the effects of the primary backing and tuft density.  The first model included all 
factors and interaction effects possible with the smaller data set, and the second model 
was reduced to contain only significant factors.  Data in the table are p-values which 
indicate whether or not each factor contributes significantly to the value of the dependent 
variable.  α-value = 0.05. 
 

 Finished Carpet Samples  --  Dependent Variables – P-Values 

Including Interactions Final Reduced Model 
Factor 

Residual Load % Retained 
Stress Residual Load % Retained 

Stress 
 Warp Fill Warp Fill Warp Fill Warp Fill 
 
Primary 
 

 
0.0029 

Significant 
0.5751 0.4302 0.7449 

 
0.0029 

Significant

 
0.0001 

Significant 

 
- 

 
0.0107 

Significant

 
Tuft 
Density 
 

 
0.0035 

Significant 
0.5883 0.3316 0.3735 

 
0.0035 

Significant

 
- 0.1184*  

- 

 
Primary x 
Tuft 
Density 
 

 
0.0054 

Significant 
0.6353 0.5239 0.3779 

 
0.0054 

Significant

 
- 

 
- 

 
- 

*This factor was the closest to being significant in the model. 
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Table 8.14.  The final reduced models, including coefficients estimated by SAS, for each 
of the dependent variables tested for the smaller data set.  Key:  y = dependent variable, P 
= primary ppi, T = tuft_density spi. 

 

Dependent Variable Reduced Model with Estimated Coefficients 

Residual Load, Warp y = (-63.92) +(6.45)P + (9.12)T + (-0.57)P*T  

Residual Load, Fill y = (23.2) + (2.37)P 

%Retained Stress, Warp y = (22.42) + (0.46)T 

%Retained Stress, Fill y = (25.41) + (0.38)P 

 

 

8.3.6  Long Term Stress Relaxation Tests 

 Time permitted some samples to be tested for longer periods of time than the 

initial 20 hours in order to see if the load would reach its limiting value or continue to 

decrease.  After the initial 20 hours were up, these samples were left on the biaxial tester 

and load measurements were taken manually after additional time had elapsed.  The four 

samples that were tested for extended time periods included: A-Hi-4, E-4, F-1, and G-3.  

Table 8.15 compares long term data for each of the four samples after 600 hours has 

elapsed, while Table 8.16 gives all of the long term residual loads that were measured.  

Figure 8.9 gives a visual representation of the long term data with graphs of the residual 

loads versus time for each of the four samples. 

 As shown in Table 8.15, the residual loads for most of the samples seems to have 

leveled off or reached its limiting value around 250 – 300 hours (or about 10-12 days).  

Sample E-4, with an 18 ppi primary, had the highest residual load in the fill direction 

after 600 hours, while G-3 had the lowest, perhaps due to the lower latex level.  Most 

samples retained only 18 – 20% of their original load after 600 hours (25 days).   

Examination of the last few data points from samples A-Hi-4 and E-4, shown in 

Table 8.16, reveals that the residual load occasionally increases slightly instead of 

continuing to decrease with time, e.g. the residual load value recorded at 441 hours for 

sample E-4 is higher than the load value recorded at 328 hours.  Perhaps, this can be 
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explained by examining the relative humidity in the lab at that time, also shown in Table 

8.16.  The temperature was held constant at 70°F, but due to a broken humidifier, the 

humidity was somewhat variable.  Prior to 328 hours for sample E-4, the humidity 

fluctuated somewhat, but the effect of the humidity was overpowered by the decrease in 

load due to stress relaxation.  However, around 328 hours, the system seems to have 

reached its equilibrium, steady state or limiting load value.  Then, with the system under 

steady state conditions, the smaller effect of humidity can be seen in the load values, with 

lower humidities resulting in higher load values and high humidities resulting in lower 

load values.   

The effect of humidity was also incorporated in some of the statistical models for 

analysis of the finished carpet data in order to account for non-standard humidities in the 

lab during testing.  Results of this analysis are relegated to Appendix C.  The fluctuation 

in humidity during testing was small, and the statistical analysis in Appendix C shows 

that the effect of humidity did not adversely affect the results or conclusions for the 

finished carpet data.  This is in agreement with previous studies that have found that large 

differences in humidity (50%) are required to see significant effects on carpet dimensions 

[19, 48].   

 The long term data indicates that until the material has reached its limiting load 

value, the stress relaxation effect is more predominant than the effect of relative 

humidity.  However, once the material has reached its steady state load value, the effect 

of humidity is more significant and can be seen in the residual load data.  The effect of 

temperature may influence the data in a similar fashion, but more research needs to be 

performed at carefully controlled temperatures and humidities in order to draw solid 

conclusions.   
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Table 8.15.  Long term residual loads (lbs. per 18 inch sample) for the four samples 
tested over 600 hours.   
 
Sample: A-Hi-4 E-4 F-1 G-3 

Primary Backing (24 epi) 11 ppi 18 ppi 11 ppi 13 ppi 
Tuft Density 8 spi 12 spi 12 spi 8 spi 
Secondary Backing (16 epi) 5 ppi 5 ppi 5 ppi 5 ppi 
Latex Weight 26 osy 24 osy 26 osy 16.5 osy 

Initial Load (lbs) - WARP 176.0 141.5 145.4 132.1 

Residual Load (lbs) after 
600 hours – WARP 32.9 27.2 27.2 27.3 

% Retained Stress after 
600 hours -- WARP 18.7% 19.2% 18.7% 20.7% 

Initial Load (lbs) - FILL 223.3 199.6 170.3 149.0 

Residual Load (lbs) after 
600 hours – FILL 39.0 49.5 34.3 31.4 

% Retained Stress after 
600 hours -- FILL 17.5% 24.8% 20.1% 21.1% 
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Table 8.16.  Residual loads (lbs. per 18 inch sample) after extended periods of time for 
select samples at 1% strain in both directions. 
 

A-Hi-4  E-4 

Time 
(hrs.) 

Warp Load 
(lbs) 

Fill Load 
(lbs) 

Relative 
Humidity 

(%)  
Time 
(hrs.) 

Warp Load 
(lbs) 

Fill Load 
(lbs) 

Relative 
Humidity 

(%) 
0.003 176.0 223.3 53%  0.003 141.5 199.6 43% 

0.1 91.3 112.7   0.1 69.4 117.8  
0.5 76.9 95.6   0.5 57.3 100.1  
1 70.5 87.9   1 53.0 93.5  
5 59.3 73.9   5 47.9 86.2  
10 57.4 72.0   10 45.8 82.4  
15 56.8 71.0   15 44.4 79.9  
20 55.1 69.0   20 43.5 78.7  
53 47.4 58.3 38%  44 41.3 74.5 24% 

243 40.4 49.5 35%  109 34.6 62.6 40% 
313 41.7 51.1 26%  328 29.8 54.5 45% 
604 32.9 39.0 44%  441 31.8 58.5 26% 

     606 27.2 49.5 39% 
     1953 21.9 40.2 40% 
     2078 20.5 37.4 51% 

         
F-1  G-3 

Time 
(hrs.) 

Warp Load 
(lbs) 

Fill Load 
(lbs) 

Relative 
Humidity 

(%)  
Time 
(hrs.) 

Warp Load 
(lbs) 

Fill Load 
(lbs) 

Relative 
Humidity 

(%) 
0.003 145.4 170.3 44%  0.003 132.1 149.0 55% 

0.1 73.6 88.2   0.1 68.9 83.1  
0.5 60.7 73.6   0.5 58.0 70.3  
1 55.4 67.3   1 53.5 64.6  
5 46.2 56.6   5 46.0 55.4  
10 42.7 52.4   10 43.7 52.4  
15 41.4 51.1   15 42.5 50.9  
20 41.1 51.7   20 40.0 48.7  
28 41.0 51.9   74 34.5 41.1 58% 

600 27.2 34.3 31%  119 33.2 39.4 55% 
770 26.2 32.5 38%  314 29.9 35.2 53% 
936 26.1 33.1 40%  403 29.5 34.6 50% 
1104 23.2 28.9 56%  480 27.8 32.8 59% 
1200 22.5 27.5 55%  647 27.3 31.4 56% 
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Long Term Stress Relaxation Testing - Sample A-Hi-4 
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Long Term Stress Relaxation Testing - Sample E-4 
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 Figure 8.9.  Graphs of the long term stress relaxation tests performed on select samples. 
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Long Term Stress Relaxation Testing - Sample F-1 
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Long Term Stress Relaxation Testing - Sample G-3 
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Figure 8.9 (Continued).   
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8.3.7  Interpreting the Slope Data 

 The slope data indicates how quickly the load values continue to decrease after 20 

hours.  A small or flat slope indicates that the decrease in stress of a material has reached 

its limiting value while a large or steep slope indicates that the material will continue to 

dissipate load for some time.  From the perspective of a carpet’s performance in a home, 

a high load and small slope after 20 hours is more desirable because the carpet will be 

less likely to “loosen up” further in the future.  A steep slope may indicate that a carpet 

has potential for loosening up and buckling in the future.   

The slopes of the stress relaxation curves may be useful in predicting the value of 

the residual load after a longer time period.  Section 8.3.1 explained how the slope of 

each curve was calculated using a linear regression on the residual load data from 5 to 20 

hours of the test.  The curves from 5 to 20 hours were linearized by taking the natural 

logarithm of the time in seconds and then could be adequately described using simple 

linear equations.  R2 values were consistently 0.98 - 0.99, indicating that the linear 

equations fit the curves very well from 5 to 20 hours.  The linear equations were of the 

form:  y (residual load in lbs) = slope  *  ln (time in sec.)  +  y-intercept. 

However, the y-intercept that was calculated using the linear regression is not a 

useful number in practice, due to the curvature of the initial part of the stress relaxation 

curves (i.e. the material is never at the calculated y-intercept value at time 0).  Therefore, 

in order for the equation to be more useful in predicting future residual loads, the 

equation can be shifted to the right, with the y-intercept being replaced by the residual 

load value at 20 hours (or 72000 seconds), and the ln (time in sec.) being replaced by [ln 

(time in sec.) – ln (time in sec. at 72000 sec.)].  This is illustrated in Figure 8.10. 

 The following equation was used to predict long term residual loads for each of 

the four samples that were tested for long time periods, discussed in section 8.3.6: 

Predicted residual load (lbs)  = 

Slope  *  [ln (time (s) desired) – ln (72000 sec.)]  +  Residual load, 72000 sec. 

The slopes were taken from the raw data tables in Appendix B.  The predicted residual 

loads are given in Table 8.17.  
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Figure 8.10.  Illustration of the procedure used to shift the calculated linear equations in 
order to better predict long term residual loads.   
 

 

 While this method is straightforward, requires only the biaxial tester and a carpet 

sample, and gives a general indication of the residual load to expect in long term tests, it 

is apparent from Table 8.17 that only one of the four samples tested long term fit the 

predicted residual load values well (sample G-3).  For the other three samples, the 

predicted load values were higher than the actual residual load values.  This indicates that 

the residual load does not truly decrease linearly with the natural log of time over long 

time periods, but rather, more complex factors may influence actual residual load values.  

Also, the slope itself is not the best extrapolator since any line will eventually go negative 

and the actual residual loads cannot do so.   

An attempt was made to achieve a better fit using this method by taking the 

natural logarithm of the residual load as well as the natural log of time and using the 

following equation:  predicted residual load (lbs)  = e [Slope  *  [ln (time (s) desired) – ln (72000 sec.)]  +  

ln (Residual load, 72000 sec.)], where the slope was derived from the linear regression of the ln 

(time in seconds) versus ln (residual load in lbs) curves from 5 to 20 hours of the test for 

each of the four long term samples.  In this case, even if the natural log of the residual 

load is negative, the residual load would never be less than zero.  The extrapolated slopes 

from these ln - ln plots were not found to fit the actual long term data curves better.  In 

fact, the predicted values were higher than those shown in Table 8.17. 
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Table 8.17.  Predicted residual load values found using the slope data, compared to the 
actual residual loads measured in long term testing.   
 

  A-Hi-4                                   Warp slope = -2.9589          Fill slope = -3.6553 
Time 
(hrs.) 

Warp Load (lbs), 
ACTUAL 

Warp Load (lbs), 
PREDICTED 

Fill Load (lbs), 
ACTUAL 

Fill Load (lbs), 
PREDICTED 

20 55.1 - 69.0 - 
53 47.4 52.2 58.3 65.4 

243 40.4 47.7 49.5 59.9 
313 41.7 47.0 51.1 59.0 
604 32.9 45.0 39.0 56.6 

     
    E-4                                      Warp slope = -3.4431          Fill slope = -5.7359 

Time 
(hrs.) 

Warp Load (lbs), 
ACTUAL 

Warp Load (lbs), 
PREDICTED 

Fill Load (lbs), 
ACTUAL 

Fill Load (lbs), 
PREDICTED 

20 43.5 - 78.7 - 
44 41.3 40.8 74.5 74.2 

109 34.6 37.7 62.6 69.0 
328 29.8 33.9 54.5 62.7 
441 31.8 32.9 58.5 61.0 
606 27.2 31.8 49.5 59.2 
1953 21.9 27.7 40.2 52.4 
2078 20.5 27.5 37.4 52.1 

     
    F-1                                      Warp slope = -3.7946          Fill slope = -3.8097 

Time 
(hrs.) 

Warp Load (lbs), 
ACTUAL 

Warp Load (lbs), 
PREDICTED 

Fill Load (lbs), 
ACTUAL 

Fill Load (lbs), 
PREDICTED 

20 41.1 - 51.7 - 
28 41.0 39.8 51.9 50.4 

600 27.2 28.2 34.3 38.8 
770 26.2 27.3 32.5 37.8 
936 26.1 26.5 33.1 37.1 
1104 23.2 25.9 28.9 36.4 
1200 22.5 25.6 27.5 36.1 

     
    G-3                                      Warp slope = -3.5441          Fill slope = -4.2702 

Time 
(hrs.) 

Warp Load (lbs), 
ACTUAL 

Warp Load (lbs), 
PREDICTED 

Fill Load (lbs), 
ACTUAL 

Fill Load (lbs), 
PREDICTED 

20 40.0 - 48.7 - 
74 34.5 35.4 41.1 43.1 

119 33.2 33.7 39.4 41.1 
314 29.9 30.3 35.2 37.0 
403 29.5 29.4 34.6 35.9 
480 27.8 28.7 32.8 35.1 
647 27.3 27.7 31.4 33.9 
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8.4  Viscoelastic Modeling of Stress Relaxation Data from the Biaxial Tester 

 Using a mathematical model to describe the stress relaxation data from the biaxial 

tester may be useful in predicting the residual load on a carpet sample after longer 

periods of time.  The stress relaxation data for each component in the laminate carpet 

structure was used to relate the behavior of each component to the behavior of the 

finished carpet.  To accomplish this, a Carpet Components model was developed which 

assumed linear viscoelastic behavior for each of the components in the carpet structure.  

The model was then fit to the average residual load versus time curves for each carpet 

sample and compared to the samples that were tested over the long term.     

 

8.4.1  Models of the Carpet Composite Structure and Its Components  

The model characterizing the stress relaxation behavior of a carpet should have 

components, in parallel, representing each layer in the carpet structure.  The spring-

dashpot models considered for representing the stress relaxation data, shown in Figure 

8.11, include the Maxwell model for the components individually and the Carpet 

Components model, consisting of three Maxwell models in parallel.  Equations relating 

stress and strain for the models are given in Table 8.18.  The Maxwell model can be used 

as a first order approximation of the stress relaxation behavior of fibrous materials.  The 

representation of each layer was based on knowledge of the structure of the various 

carpet components, including:  

♦ Tufted primary backing: represented by a Maxwell model consisting of a 
spring and dashpot in series (coefficients: E1, η1).  

♦ The plain weave primary backing includes maximum interlacing of 
yarns which increases yarn-to-yarn friction, resulting in low yarn 
mobility. 

♦ The process of tufting weakens the primary, but may plug up the 
interstices between yarns and punctures through yarns, decreasing 
mobility. 

♦ Variations in tuft density are also represented in this component. 
 

♦ Latex: represented by a Maxwell model (spring and dashpot in series with 
coefficients E3 and η3 where E3 << η3). 

♦ Latex flows / slips when stretched more than a small amount and 
cannot recover or return to its original position.   
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♦ η3 represents a very viscous, very stiff dashpot.  The addition of large 
amounts of filler causes the latex to flow more easily and have less 
adhesive power, i.e. reduces the stiffness of the dashpot. 

♦ Since a finished carpet can sustain significantly more load than the 
components individually (see Figure 8.6), the latex component is 
expected to make the greatest contribution to the load predicted by the 
model.   

 
♦ Secondary backing: represented by a Maxwell model (coefficients: E2, η2). 

♦ The open structure in the secondary backing allows yarns to have more 
mobility, but the leno structure reduces some of the mobility and helps 
yarns recover somewhat.  Still, the secondary can bow and skew 
significantly more than the primary, so E2 and η2 contribute only a 
small amount to the total load of the model.   

♦ Also, spun yarn in the filling has lower recovery (less spring effect) 
due to the yarn structure, so E2 for the filling is expected to be smaller 
than for the warp.  

 

 

 

 

 
 
 
   
 
 
 
 
 
      
 
a.)  Maxwell model, used  
for components.       
           b.)  Carpet Components Model, for finished carpet. 
 
 
Figure 8.11.  The viscoelastic models used for modeling stress relaxation data from the 
biaxial tester. 
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Table 8.18.  Equations for the viscoelastic models shown in Figure 8.11, including the 
equations under conditions for stress relaxation: εo = initial strain = constant, dε/dt = rate 
of strain = 0.   Key:  f(t) = stress at time t, E = elastic constant of a spring,  η = friction 
coefficient of a dashpot, fo, tp, fo, latex, fo, sec = initial stress of the tufted primary, latex layer, and 
secondary, respectively.   
 

Model Original Equation Equation under Stress Relaxation 
Conditions 

Spring alone fs = E*εs 

dεs/dt = 1/E * dfs/dt fs(t) = E*εs, o = fs, o 

Dashpot alone fd = η*dεd/dt 
dεd/dt = 1/η*fd 

fd(t) = 0 

Maxwell model f = fs + fd 
dε/dt = (1/E)*df/dt + f/η f(t) = fo * exp(-Et/η) 

Carpet Components 
Model (Total)  

f(t) = fo, tp*exp(-E1t/η1) + 
fo, latex*exp(-E3t/η3) + 

fo, sec*exp(-E2t/η2) 

 

 

 

8.4.2  Comparing the Models to Average Data Curves 

 As shown in Table 8.18, the Carpet Components model can be used to predict the 

load at any time t on a carpet sample using the following data: initial load values for the 

tufted primary alone, secondary alone, and latex layers, the time t, and the constants E 

and η (or more precisely, the ratio of η/E or γ, as discussed later) for each layer.  Each of 

the elements of the model will be discussed subsequently.   

1)  The initial load values for the tufted primary, fo, tp, and the secondary, fo, sec, were 

taken from data in Appendix B, where the tufted primaries and secondary 

backings were tested alone.  Incorporating the initial load values of each 

component into the equation allows the model to be adjusted for various primary 

and secondary backings as well as for variations in the amount of strain applied to 

the carpet.  For example, if a primary or secondary backing with more picks per 
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inch were used or if the carpet were stretched to a larger percent strain, then the 

initial loads on the components would be higher.   

2)  Since the layer of latex could not be tested directly, the initial load, fo,latex, was be 

derived by subtracting the initial loads of the tufted primary and the secondary 

backing from the initial load of the corresponding finished carpet.   

3)  The time t was incorporated into the model by taking the natural logarithm of the 

time in seconds.  This was necessary to obtain the proper curvature of the model 

and allowed long amounts of time to be scaled down to smaller, more manageable 

numbers.   

4)  It was not necessary to determine the actual values of the constants of elasticity 

(E) and viscosity (η) to plug into the model, rather it is the ratio of E to η that is 

significant.  This ratio is referred to as the relaxation time, γ, defined as γ = η / E.  

(Then, 1/γ can replace E/η in the Maxwell and Carpet Components models in 

Table 8.18.)  In a practical sense, the relaxation time γ refers to the time it takes 

for the system to reach its limiting or equilibrium stress value.  As the constant of 

elasticity (E) of the system increases, the relaxation time γ decreases, indicating 

that the system will reach its limiting stress value in less time, i.e. more quickly, 

so the rate of stress dissipation is faster.  For the case of an installed carpet, higher 

γ values are desirable, so the carpet will retain its load over a longer time period.   

a)  The γ ratios for the tufted primaries (γ1, tp = η1/E1) and secondary backings (γ2, 

sec = η2/E2) were determined individually by fitting the Maxwell model to the 

average stress relaxation curves of these components alone.  The γ ratio was 

determined by optimizing the fit between the model and the average data 

curves as described in (d).   

b)  These γ values were then used in the Carpet Components models for the 

finished carpets to which they corresponded.  

c)  The γ value for the latex component (γ3, latex = η3/E3) was determined for each 

sample by fitting the Carpet Components model to the average residual load 

curve for each finished carpet sample from 0 to 20 hours.  The γ ratio that 

resulted in the optimal fit was determined as described in (d).  (Calculating the 
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latex component in this manner assumes that any effect on the stress decay 

that is not explained by the tufted primaries and secondary backings is due to 

the latex.)   

d)  The method of least squares was used to calculate the fit between the predicted 

load using the Maxwell or Carpet Components model and the average data 

curves.  A function in Microsoft Excel named Solver1 was used to find the 

minimum value of the sum of least squares by changing the corresponding E 

and η parameters (i.e. allowing the γ values to vary).  This optimizing process, 

shown in Figure 8.12, was performed for each of the average data curves to 

find the optimum γ values.   

5)  The warp and filling were modeled separately for simplicity.  It was necessary to 

fit the model to both warp and filling data because the constitution of the primary 

and secondary backings were different in the warp and fill directions.   

 

 

 

 
 

Figure 8.12.  Illustration of the method used to fit the Maxwell and Carpet Components 
models to the average data curves.  Microsoft Excel Solver (above) was used to find the γ 
values that resulted in the optimal fit.  (Continued below.) 

 

                                                 
1 Microsoft Excel Solver is an add-in under the tools menu that is used to determine the maximum or 
minimum value of one cell by changing other cells, subject to constraints specified by the user.   
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Figure 8.12 (Continued). 

 

 

8.4.3  Carpet Components Alone 

The carpet components, including the primary backing alone, tufted primaries, 

and secondary backing alone, were modeled individually using the Maxwell model.  The 

fit between the Maxwell model and the average data curves for the components alone was 

optimized using Solver, resulting in the optimized γ values given in Table 8.19.  The fit 

between the Maxwell model and the average data curves was generally good, although 

the tufted primary data tended to be more linear in nature than the model.  Also, the γ 

values for the secondary backing models may be deceiving due to the very low load 

values experienced by the secondary backing.   
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 As shown in Table 8.19, the γ values calculated for the tufted primaries were 

clearly the highest of the components alone, roughly 60% – 150% higher than the 

primary backings.  Higher γ values indicate lower coefficients of elasticity (E), higher 

viscous coefficients (η) (i.e. more of a tendency to flow), and longer relaxation times 

required to reach the system’s limiting stress value.  For the tufted primaries to have 

higher γ values than the primaries alone makes sense in practice because of the plugging 

up of the interstices and the penetration of yarns in the primary caused by tufting.   

 

 

Table 8.19.  Results of fitting the Maxwell model to the average data curves for the 
primary backings alone, tufted primaries, and secondary backings alone in both warp and 
fill directions.  The optimized constants, E and η, were used to calculate the γ value as 
follows:  γ = η/E.  fo = initial load value for that sample, obtained from biaxial testing at 
1% strain.   
 

 Warp Fill 

Sample fo γ fo γ 

11 ppi Primary 23.4 lbs 6.628 41.3 lbs 6.036 

18 ppi Primary 29.1 lbs 8.107 50.4 lbs 8.278 

11 Primary, 8 spi  (tufted) 14.5 lbs 12.221 38.9 lbs 14.206 

11 Primary, 12 spi  (tufted) 19.3 lbs 13.118 37.3 lbs 15.159 

18 Primary, 8 spi  (tufted) 23.2 lbs 13.124 76.7 lbs 14.404 

18 Primary, 12 spi  (tufted) 20.4 lbs 12.892 65.7 lbs 14.070 

16 x 5 Secondary 11.9 lbs 10.820 4.6 lbs 9.579 

18 x 11 Secondary 14.6 lbs 7.958 5.7 lbs 9.236 
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8.4.4  Modeling the Finished Carpet 

The calculated γ values for the appropriate components in Table 8.19 were used in 

the Carpet Components model to represent the finished carpet samples.  The initial load 

value for the latex component, fo, latex, was derived by subtracting the initial load values 

for the components, fo, tp and fo, sec, from the initial load value, fo, total, of the finished 

carpet.  The optimized γ3, latex values that gave the best fit between the Carpet 

Components model and the average data curves for the finished carpet samples were 

determined as discussed previously, with results shown in Table 8.20.  The Carpet 

Components model fit the average data curves very well, as shown in Figure 8.13 for 

carpet sample E, with the exception of the first 60 seconds of data from the start of the 

test.  A significantly more complicated model may be employed to more closely represent 

the first 60 seconds of data, but since the focus of this research is long term behavior, a 

more complicated model is not necessary.   
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Figure 8.13.  Typical stress relaxation results for the Carpet Components model and 
finished carpet sample E, over the 20 hour testing period. 
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Table 8.20.  Results of fitting the carpet components model to the average data curves for 
the finished carpet samples.  Initial load values, fo, tp and fo, sec, and optimized γ values for 
the tufted primary and secondary backing corresponding to each carpet, were calculated 
previously and are reproduced here.  The optimized constants, E3 and η3, were used to 
calculate γ values:  γ3, latex = η3/E3.  fo, total = initial load value of finished carpet.  Data has 
been grouped for easier comparisons between hi and lo latex levels. 
 
 Total 

initial load  
Tufted Primary 

Layer 
Secondary 

Backing Layer Latex Layer 

Sample fo, total fo, tp γ1, tp fo, sec γ2, sec fo, latex γ3, latex 

A-Lo – Warp 
(11pr8spi, 16x5) 141.3 lbs 14.5 lbs 12.221 11.9 lbs 10.820 114.9 lbs 8.744 

A-Hi – Warp 
(11pr8spi, 16x5) 119.0 lbs 14.5 lbs 12.221 11.9 lbs 10.820 92.6 lbs 7.188 
        

A-Lo – Fill 
(11pr8spi, 16x5) 166.3 lbs 38.9 lbs 14.206 4.6 lbs 9.579 122.8 lbs 9.463 

A-Hi – Fill 
(11pr8spi, 16x5) 168.2 lbs 38.9 lbs 14.206 4.6 lbs 9.579 124.7 lbs 9.298 
        

C-Lo – Warp 
(11pr8spi, 18x11) 153.5 lbs 14.5 lbs 12.221 14.6 lbs 7.958 124.4 lbs 9.540 

C-Hi – Warp 
(11pr8spi, 18x11) 147.1 lbs 14.5 lbs 12.221 14.6 lbs 7.958 118.0 lbs 9.213 
        

C-Lo – Fill 
(11pr8spi, 18x11) 161.2 lbs 38.9 lbs 14.206 5.7 lbs 9.236 116.6 lbs 9.420 

C-Hi – Fill 
(11pr8spi, 18x11) 150.7 lbs 38.9 lbs 14.206 5.7 lbs 9.236 106.1 lbs 8.436 
        

D – Warp 
(18pr8spi, 16x5) 161.0 lbs 23.2 lbs 13.124 11.9 lbs 10.820 125.9 lbs 7.700 

E – Warp 
(18pr12spi, 16x5) 139.2 lbs 20.4 lbs 12.892 11.9 lbs 10.820 106.9 lbs 7.733 

F – Warp 
(11pr12spi, 16x5) 149.4 lbs 19.3 lbs 13.118 11.9 lbs 10.820 118.2 lbs 7.930 
        

D – Fill 
(18pr8spi, 16x5) 205.9 lbs 76.7 lbs 14.404 4.6 lbs 9.579 124.6 lbs 7.951 

E – Fill 
(18pr12spi, 16x5) 203.1 lbs 65.7 lbs 14.070 4.6 lbs 9.579 132.8 lbs 8.051 

F – Fill 
(11pr12spi, 16x5) 164.9 lbs 37.3 lbs 15.159 4.6 lbs 9.579 123.0 lbs 7.521 
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8.4.5  Using the Carpet Components Model to Predict Long Term Stress Relaxation 
Behavior 
 
 Finally, the carpet components model, along with the optimized E, η, and γ values 

for the finished carpet samples, was compared to three of the long term stress relaxation 

tests, discussed in section 8.3.6, with the objective of determining whether the model 

would be useful in predicting residual loads over longer time periods.  The E, η, and fo 

values corresponding to each sample type were used, i.e. the values obtained from the 

average data curve for sample E, warp was used to compare to sample E-4, warp, etc.  

Figures 8.14 – 8.16 show the results of the comparison.  The carpet components model fit 

two of the three long term samples very well, and the third long term sample fairly well.  

These results suggest that the carpet components model can be used successfully to 

estimate residual load values after long time periods for carpet samples.   
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Figure 8.14.  The Carpet Components model compared to long term stress relaxation 
tests, sample A-Hi-4.   
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Figure 8.15.  The Carpet Components model compared to long term stress relaxation 
tests, sample F-1.   
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Figure 8.16.  The Carpet Components model compared to long term stress relaxation 
tests, sample E-4.   
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9.0  Conclusions and Recommendations 

From the research and results presented in Section 8.0, the following conclusions 

can be made: 

1)  For the primary and secondary backings tested alone at 1% strain, the residual 
loads have generally leveled off to their limiting values after the 20 hour testing period. 

 
2)  The secondary backing was difficult to test due to its very flexible nature.  The 

structure of the secondary backing allowed the greatest freedom of movement within the 
structure, resulting in very low load values during the test and fast stress decay to its 
limiting value.  Increasing the number of fill yarns in the secondary backing caused crimp 
in the warp direction to increase, which resulted in higher residual loads and slower stress 
decay.  

 
3)  The stress caused by stretching the finished carpet 1% is much higher than the 

sum of stresses created by stretching the individual backing components the same 
amount, indicating that the latex binder plays a key role in carpet residual stress.    

 
4)  Finished carpet samples did not reach their limiting residual load values during 

the 20 hour testing period.  All four long term tests conducted indicated that leveling off 
of residual loads takes significantly longer, about 250 – 300 hours at 1% strain.  Evidence 
of this behavior was also shown in the calculated slopes of the last part of the stress 
relaxation curves, where the slopes of the finished carpet samples were generally found to 
be 3 to 8 times higher than the slopes of the carpet components.  This indicates that the 
latex level plays a large role not only in the actual values of the residual loads but also in 
the speed at which the stress decays in the system.  Without the latex layer, the system is 
able to reach equilibrium faster, but with the latex layer, the system is more able to flow 
and adjust internally to continue to dissipate stress.   

 
5)  For the primaries, tufted primaries, and finished carpets that were tested, 

higher residual loads were found in the filling direction than in the warp.  This was most 
likely due to the higher denier and wider yarns used in the fill.  For the secondaries tested 
alone, lower residual loads were found in the fill direction due to the spun yarns in the 
filling.   

 
6)  As the number of fill yarns in the primary backing increased, the residual load 

in the fill direction increased. 
 
7)  As the number of fill yarns in the secondary backing increased, the residual 

load in the warp direction increased. 
 
8)  No significant effect of changing the tuft density on stress decay was found in 

this study. 
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9)  Increasing the latex weight per square yard showed a detrimental effect on 
residual load, probably due to the low quality latex that is used in carpet. 

 
10)  The carpet components viscoelastic model developed in this research, 

containing representations of each carpet layer, fit actual residual load data very well, and 
may be a useful tool for predicting residual loads on carpet samples over long time 
periods.   
 

 

Recommendations for future work related to this research include: 

 1)  Stress relaxation tests could be performed on carpet samples at elevated 
temperatures in order to make stress decay faster and allowing limiting load values for 
carpet samples to be determined over shorter time periods.  The carpet components 
viscoelastic model can then be adapted to include the factor of temperature. 
 
 2)  The effect of temperature on the stress relaxation of finished carpets could be 
studied at smaller intervals in the range of temperatures possibly experienced in a home, 
such as at 50°, 60°, 70°, 80°, 90° and 100° F.   
 
 3)  A more detailed study that focused on the latex / binder layer could be 
performed, including very low, medium, and high levels of latex weights and some 
variables related to latex composition.   
 
 4)  A study, including a survey of carpet retailers and installers, could be 
performed, similar to the one commissioned by Orcon Corporation in 1995, in order to 
determine if there is still a carpet installation “crisis” or if the situation for carpet 
installation has improved in the past few years.   
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Appendix A 
Details on the Experimental Set-up 

 
 
A.1  Calibration of the System 

 The biaxial tester and computer system were calibrated by hanging known 

weights from the load cells and recording the voltage readings that were read by the 

computer.  In order to hang the weights from the load cells properly, the load cells needed 

to be in the vertical position.  Since the load cells in the biaxial tester are fixed 

horizontally in the apparatus, the tack strips that hold the sample were removed and the 

apparatus turned up on end.  A voltmeter was also used to test the output voltage from the 

load cells.  A near-perfect linear relationship was found between the known weights and 

voltage output both by the voltmeter and by the computer DAQ system.  The linear 

equation was determined for both A Warp and B Fill load cells and subsequently used in 

the LabVIEW program as a calibration curve to scale the voltage readings into pounds.  

 

A.2  Computer-Based Data Acquisition Set up 

The hardware that made computer-based data acquisition possible was an AT-

MIO-16XE-50 data acquisition card from National Instruments.  The AT-MIO-16XE-50 

is a multi-function analog, digital and timing I/O board which is switchless and 

jumperless, often called a “Plug and Play” device.  This type of device is software 

programmable and does not require dip switches or jumpers to configure resources on the 

device.  This DAQ board has 16 analog input channels – 8 positive (ACH <0...7>) and 8 

negative (ACH <8...15>) with an ADC (Analog-to-Digital Conversion) resolution of 16 

bits (the greater the number of bits, the more accurate the resolution).  Other necessary 

hardware included a CB-50 connector block with screw terminals to attach wires for 

analog input to the DAQ board as well as a SH6850 shielded cable and adapter to connect 

the 50-pin connector block to the 68-pin DAQ card.  The mapping of the pin assignments 

from the 68-pin configuration to the 50-pin configuration was included in the manual for 

the SH6850 cable, with the extra 18 pins being connected to ground.   
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The software that was used for this data acquisition was LabVIEW version 5.1 

using the Windows NT operating system.  The driver software for the DAQ board was 

Ni-DAQ Version 6.5.1, which was automatically installed by the LabVIEW CD.  Driver 

software is the layer of software that directly programs and manages the operation of the 

DAQ hardware, including assigning computer resources such as processor interrupts, 

DMA and memory.  LabVIEW is an application software package that enables the user to 

program DAQ hardware using the graphical programming language, G, which includes 

many built-in “point-and-click” functions and controls.  The LabVIEW application 

software is an additional software layer that uses the driver software to control the DAQ 

hardware as well as adding analysis and presentation (GUI) capabilities.    

The analog input channels were configured using the Measurement & Automation 

Explorer (MAX), which is an interface included with LabVIEW 5.1 to allow the user to 

easily program the channels.  Two channels, A Warp and B Fill, were configured to read 

the analog input in voltage using a differential input mode.  With differential inputs, each 

input has its own ground reference, so signals that are common to both positive and 

negative inputs can be rejected, only the difference between the inputs is amplified and 

noise errors are reduced.  Although the channels could have been automatically scaled to 

display pounds, it was decided to have the computer read in voltage directly and then use 

the software to scale the voltage readings into pounds.  This gave us more flexibility and 

allowed us to more accurately scale the data.  Table A.1 shows the configuration of the 

channels.  The input range was set for zero to 30 millivolts because the total output of the 

load cells was 3 mV per volt of excitation voltage or 3 mV/V * 10 V = 30 mV.  (The 

input range for the A Warp load cell was chosen to be –0.01 to 0.03 volts because at very 

low loads (i.e. < 2 pounds) the voltage coming off the load cell was found to be slightly 

negative.  So, in order to obtain correct readings, the channel was configured with the 

minimum input being -0.01 volts.) 
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Table A.1.  Configuration of the channels in Measurement & Automation Explorer. 

 A Warp B Fill 

Range Min: -0.01  Max: 0.03  Volts Min: 0.00  Max: 0.03  Volts 

Channels ACH 0  (+), ACH 8  (-) ACH 3  (+), ACH 11  (-) 

50-pin Connector 
Pin No.’s 

3 & 4 9 & 10 

Input Mode Differential Differential 

Scaling Formula None None 

 

 

 

A.3  LabVIEW Program for the Biaxial Tester 

 A LabVIEW “virtual instrument,” the Stress Relaxation Test with Tare.vi, was 

developed to automatically collect load data in both warp and filling directions from the 

biaxial tester.  The features of this program include reading in analog data, filtering, 

averaging and scaling the data, subtracting a tare value if necessary, charting the data as it 

is collected, writing the time and load data to a spreadsheet file, automatically ending the 

test after 20 hours has passed, and graphing the log of time versus load after the test is 

complete.  The front panel of the Stress Relaxation Test with Tare.vi is shown in Figure 

A.1.  The front panel includes a multiplot chart (top) which plots both warp and filling 

data on the same graph as it is collected and an x,y graph (bottom) that graphs the entire 

data set versus time using a logarithmic scale.  The front panel also displays the current 

load values (i.e. the last values obtained) for both warp and filling, the current time in 

seconds (i.e. the time at which the last values were obtained), and the name of the file 

where the data will be saved.  There are also check boxes to select whether or not the 

program will “tare” the data readings.  When “Yes” is selected under Tare value, the 

program will record an initial data point at the beginning of the test, before the sample 

has been stretched, and use this value to tare or zero the channel.  If the check box “Yes” 

is not selected, then a default value of “0.0” will be used.  The test is started by clicking 
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on the run arrow on the toolbar and can be prematurely stopped by clicking on the “Stop” 

button on the front panel.   

 The block diagram of Stress Relaxation Test with Tare.vi is shown in Figures A.2 

– A.5.  The diagram is composed of a sequence structure that controls the order in which 

various actions are performed.  There are four steps in the sequence structure with the 

actual data acquisition occurring in the fourth frame.  The first frame, shown in Figure 

A.2, displays a dialog box to prompt the user for a file name to which the data will be 

saved at the end of the test.  The data will be saved in a text file format that can be 

opened by a spreadsheet. The first frame also displays the selected file name on the front 

panel to remind the user which file the data is being saved to.   

 

 

 

 

 

 

 

Figure A.1.  The front panel of Stress Relaxation Test with Tare.vi shown at the 
conclusion of a test. 



 124

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In the second frame of the sequence, shown in Figure A.3, two case structures are 

used to record a tare value, or an initial data value, for the warp and filling channels.  If 

the “Yes” box on the front panel is selected, the “true” case is performed which scans the 

channel to obtain an initial data point.  This data point is taken before the user has 

stretched the sample, so it represents the value of the channel at zero strain.  Filtering, 

averaging and scaling of the data is also used to obtain the tare value, but will be 

described later.  The tare value is passed to frame 4 and displayed on the front panel.  If 

the check box is not selected on the front panel, then the “false” case executes (not shown 

in figure) which passes the value “0.0” to frame 4.  The check box must be selected 

before the program is started and the tare value is taken only once.  In frame 4, the tare 

value is subtracted from each measurement as it is obtained which in effect adjusts the 

data with respect to the initial data value at zero strain.   

Figure A.2.  The first of the four frames in the sequence structure that makes up the 
diagram for Stress Relaxation Test with Tare.vi.  The frame prompts the user for a file 
name to save the data. 
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 Figure A.4 shows the third frame of the sequence structure which simply serves to 

record the value LabVIEW’s millisecond timer to mark the beginning of the data 

acquisition.  The millisecond timer, which returns the number of milliseconds that have 

elapsed since power on, is not placed in the first frame so that the timer will not be 

running while the user enters the file name.  This initial value of the millisecond timer is 

passed to the fourth frame and is subtracted from the current value of a second 

millisecond timer to keep track of the time the test has been running.   

 The fourth frame of the sequence structure in the block diagram is where the 

actual data acquisition takes place.  As shown in Figure A.5, the fourth frame consists of 

a large While loop that controls the rate at which data is acquired. Each time the While 

loop executes, the analog channels, A Warp and B Fill, are scanned to acquire a data 

Figure A.3.  The second of four frames in the sequence structure of Stress Relaxation 
Test with Tare.vi.  In this frame, tare values are scanned in and then passed to frame 4 if 
the tare box is checked on the front panel.  If the tare box is not checked, this frame 
passes the value 0.0 to frame 4. 
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point. The AI Acquire Waveform VI is used to scan the channels 1000 times each at the 

rate of 4000 scans per second. This waveform of 1000 scans is then passed through a 

lowpass Hanning-Windowed Finite Impulse Response (FIR) filter to filter out noise.  The 

average of the filtered waveform is then taken as an additional filter to weed out 

extraneous noise and get a more steady, accurate value. Since the A Warp and B Fill 

channels are set up to measure voltage, the average is multiplied by 1000 to get 

millivolts, then a formula node is used to convert the millivolt data to a load in pounds.  

Each channel was individually calibrated using known weights to determine the 

appropriate linear calibration curve which is entered in the formula node. After being 

converted into pounds, the tare value (which was converted into pounds in the second 

frame) is subtracted and the current load value displayed and plotted on the front panel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.  The third of four frames in the sequence structure of Stress Relaxation Test 
with Tare.vi.  In this frame, the millisecond timer is started to mark the beginning of the 
test. 
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 Also within the While loop are functions to control the timing of data collection 

and to automatically stop the data acquisition after 20 hours have passed.  Since this 

stress relaxation test runs for 20 hours, the number of data points acquired could 

potentially be enormous, but acquiring thousands of data points is not necessary 

especially after the test has been running for an hour and the load values are changing 

much more slowly.  So, the speed at which the While loop executes varies with time, 

slowing down the data acquisition as the test progresses.  With each iteration of the While 

loop, the program uses the current time to select a value to send to the “Wait until Next 

ms Multiple” function.  Then, the While loop will execute at that time interval.  For the 

Figure A.5. The fourth of four frames in the sequence structure of Stress Relaxation 
Test with Tare.vi.  This frame scans the analog channels, filters the data, takes the 
mean, scales the data, subtracts the tare value and charts the data points.  
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first 5 minutes of the test, a data point is acquired every second; from 5 to 60 minutes, a 

data point is acquired every 10 seconds; and from 60 minutes to 20 hours, a data point is 

acquired once every 5 minutes (this was later changed to every 2 minutes for greater 

accuracy).  To automatically stop the execution of the While loop after 20 hours has 

passed, an “And” function is wired to the conditional terminal of the While loop. In order 

for the While loop to continuing executing, the current time must be less than 20 hours or 

72,000 seconds and the “Stop” button on the front panel must not be pushed.   

 When the While loop has finished executing, the time, A Warp and B Fill data is 

written to a text file that can be opened by a spreadsheet.  The user was prompted for the 

name of the file at the beginning of the test in the first frame.  Also at the completion of 

the While loop, the data is built into an array and graphed on the load versus time graph 

(logarithmic scale) on the front panel.  The program is designed to require no user 

intervention once the test has been started.  The program will finish data acquisition after 

20 hours has passed and save the data to a file so the user can return at their convenience.  

[Note however, that the data is not written to the spreadsheet file until the end of the 20 

hour period, so if the test is not complete and the power to the computer is interrupted for 

even a second, the computer will reset itself and the data will be lost.]   
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Appendix B 

Tables of Raw Data Extracted from the Stress Relaxation Curves  
from the Biaxial Tester  

 

 
Table B.1.  Initial loads (lbs per 18 inch sample).  The initial load is the highest load 
value recorded at the start of the test for 1% strain in both warp and fill directions.   
 

 Initial Load   Initial Load 

 PRIMARIES   TUFTED PRIMARIES

Sample 
Warp     
(lbs) 

Fill       
(lbs)  Sample 

Warp        
(lbs) 

Fill          
(lbs) 

11 ppi 23.0 37.0  11Pri8spi 13.7 28.8 

11 ppi 25.0 40.7  11Pri8spi 14.7 45.9 

11 ppi 22.2 46.2  11Pri8spi 15.1 42.1 

Average  23.4 41.3  Average  14.5 38.9 

18 ppi 29.3 50.0  11Pri12spi 15.7 34.5 

18 ppi 31.7 48.3  11Pri12spi 18.8 35.6 

18 ppi 26.2 52.8  11Pri12spi 23.5 41.7 

Average  29.1 50.4  Average  19.3 37.3 

    18Pri8spi 24.3 77.6 

 Initial Load  18Pri8spi 20.3 67.5 

 SECONDARIES  18Pri8spi 25.0 85.0 

Sample 
Warp     
(lbs) 

Fill       
(lbs)  Average  23.2 76.7 

16x5 10.2 5.8  18Pri12spi 20.7 57.5 

16x5 16.8 5.2  18Pri12spi 20.5 71.3 

16x5 8.6 2.7  18Pri12spi 20.0 68.4 
Average  11.9 4.6  Average  20.4 65.7 

18x11 13.1 4.8     

18x11 12.3 5.5     

18x11 18.3 6.8     

Average  14.6 5.7     
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Table B.1 (Continued).  Initial loads (lbs per 18 inch sample).   
 

 Initial Load   Initial Load 

 FINISHED CARPET   FINISHED CARPET 

Sample 
Warp        
(lbs) 

Fill          
(lbs)  Sample 

Warp        
(lbs) 

Fill          
(lbs) 

A-Lo 139.1 171.0  D 152.8 217.4 

A-Lo 138.7 160.3  D 170.8 216.5 

A-Lo 146 167.6  D 159.3 183.7 

Average  141.3 166.3  Average 161.0 205.9 

B-Lo 134.5 152.9  E 138.6 205.7 

B-Lo 136.6 153.3  E 132.7 191 

B-Lo 132.6 146.4  E 146.2 212.6 

Average  134.6 150.9  Average 139.2 203.1 

C-Lo 142.3 149.4  F 145.4 170.3 

C-Lo 160.9 172.8  F 156.0 151.6 

C-Lo 157.2 161.4  F 146.9 172.9 

Average  153.5 161.2  Average 149.4 164.9 

A-Hi 134.3 176.5  G 180.6 146.8 

A-Hi 115.4 161.7  G 153.0 150.3 

A-Hi 107.3 166.4  G 132.1 149.0 

Average  119.0 168.2  Average 155.2 148.7 

B-Hi 118.7 150.1     

B-Hi 126.4 138.8     

B-Hi 153.3 165.7     

Average  132.8 151.5     

C-Hi 129.1 151.4     

C-Hi 141.3 146.9     

C-Hi 170.9 153.9     

Average  147.1 150.7     
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Table B.2.  Residual loads (lbs per 18 inch sample).  The residual load is the load (lbs) on 
the sample after 20 hours at 1% strain in both warp and fill directions.   
 

 Residual Load (lbs)   Residual Load (lbs) 
 PRIMARIES   TUFTED PRIMARIES

Sample 
Warp  
(lbs) 

Fill  
(lbs)  Sample 

Warp  
(lbs) 

Fill  
(lbs) 

11 ppi 3.0 5.6  11Pri8spi 5.1 12.9 

11 ppi 4.8 7  11Pri8spi 5.0 18.7 

11 ppi 4.8 8.1  11Pri8spi 5.6 17.5 

Average  4.2 6.9  Average  5.2 16.4 

St. Error 0.6 0.7  St. Error 0.2 1.8 

18 ppi 7.1 11.3  11Pri12spi 6.2 15.4 

18 ppi 10.1 16.5  11Pri12spi 7.5 15.6 

18 ppi 6.0 12.5  11Pri12spi 9.0 18.0 

Average  7.7 13.4  Average  7.6 16.3 

St. Error 1.2 1.6  St. Error 0.8 0.8 

    18Pri8spi 9.3 34.9 

 Residual Load (lbs)  18Pri8spi 8.2 28.0 

 SECONDARIES  18Pri8spi 10.3 36.1 

Sample 
Warp  
(lbs) 

Fill  
(lbs)  Average  9.3 33.0 

16x5 4.3 1.6  St. Error 0.6 2.5 

16x5 5.0 1.3  18Pri12spi 8.0 23.7 

16x5 2.7 0.7  18Pri12spi 7.9 29.3 

Average  4.0 1.2  18Pri12spi 7.7 29.5 

St. Error 0.7 0.3  Average  7.9 27.5 

18x11 3.5 1.4  St. Error 0.1 1.9 

18x11 2.7 1.6     

18x11 4.3 2     

Average  3.5 1.7     

St. Error 0.5 0.2     
 
 
 



 132

Table B.2 (Continued).  Residual loads (lbs per 18 inch sample). 
 

 Residual Load (lbs)   Residual Load (lbs) 
 FINISHED CARPET   FINISHED CARPET

Sample 
Warp  
(lbs) 

Fill  
(lbs)  Sample 

Warp  
(lbs) 

Fill  
(lbs) 

A-Lo 39.4 58.1  D 40.3 69.1 

A-Lo 41.7 55.2  D 45.5 70.8 

A-Lo 44.5 55.2  D 44.6 56.9 

Average  41.9 56.2  Average  43.5 65.6 
St. Error 1.5 1.0  St. Error 1.6 4.4 

B-Lo 39.5 47.1  E 37.1 71.0 

B-Lo 41.2 49.5  E 37.4 63.4 

B-Lo 40.6 47.6  E 42.9 63.6 

Average  40.4 48.1  Average  39.1 66.0 
St. Error 0.5 0.7  St. Error 1.9 2.5 

C-Lo 41.6 44.1  F 41.1 51.7 

C-Lo 52.5 62.4  F 44.2 43.3 

C-Lo 47.3 53.7  F 39.5 48.8 

Average  47.1 53.4  Average  41.6 47.9 
St. Error 3.1 5.3  St. Error 1.4 2.5 

A-Hi 32.7 55.2  G 61.7 52.1 

A-Hi 33.6 48.8  G 52.7 49.7 

A-Hi 23.9 47.6  G 40.0 48.7 

Average  30.1 50.5  Average  51.5 50.2 
St. Error 3.1 2.4  St. Error 6.3 1.0 

B-Hi 32.0 44.7     

B-Hi 35.6 43.8     

B-Hi 41.7 47.3     

Average  36.4 45.3     
St. Error 2.8 1.0     

C-Hi 34.9 46.5     

C-Hi 44.3 43.9     

C-Hi 56.2 54.6     

Average  45.1 48.3     
St. Error 6.2 3.2     
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Table B.3.  Percent (%) retained stress on sample after 20 hours at 1% strain in both 
directions, where % retained stress = residual load (lbs) / initial (peak) load (lbs) * 100%. 
 

 % Retained Stress   % Retained Stress 
 PRIMARIES   TUFTED PRIMARIES

Sample 
Warp  
(%) 

Fill  
(%)  Sample 

Warp  
(%) 

Fill  
(%) 

11 ppi 13.0 15.1  11Pri8spi 37.2 44.8 

11 ppi 19.2 17.2  11Pri8spi 34.0 40.7 

11 ppi 21.6 17.5  11Pri8spi 37.1 41.6 

Average  18.0 16.6  Average  36.1 42.4 

St. Error 2.6 0.7  St. Error 1.0 1.2 

18 ppi 24.2 22.6  11Pri12spi 39.5 44.6 

18 ppi 31.9 34.2  11Pri12spi 39.9 43.8 

18 ppi 22.9 23.7  11Pri12spi 38.3 43.2 

Average  26.3 26.8  Average  39.2 43.9 

St. Error 2.8 3.7  St. Error 0.5 0.4 

    18Pri8spi 38.3 45.0 

 % Retained Stress  18Pri8spi 40.4 41.5 

 SECONDARIES  18Pri8spi 41.2 42.5 

Sample 
Warp  
(%) 

Fill  
(%)  Average  40.0 43.0 

16x5 42.2 27.6  St. Error 0.9 1.0 

16x5 29.8 25.0  18Pri12spi 38.6 41.2 

16x5 31.4 25.9  18Pri12spi 38.5 41.1 

Average  34.4 26.2  18Pri12spi 38.5 43.1 

St. Error 3.9 0.8  Average  38.6 41.8 

18x11 26.7 29.2  St. Error 0.0 0.7 

18x11 22.0 29.1     

18x11 23.5 29.4     

Average  24.1 29.2     

St. Error 1.4 0.1     
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Table B.3 (Continued).  Percent (%) retained stress. 
 

 % Retained Stress   % Retained Stress 
 FINISHED CARPET   FINISHED CARPET 

Sample 
Warp  
(%) 

Fill  
(%)  Sample 

Warp  
(%) 

Fill  
(%) 

A-Lo 28.3 34.0  D 26.4 31.8 

A-Lo 30.1 34.4  D 26.6 32.7 

A-Lo 30.5 32.9  D 28.0 31.0 

Average  29.6 33.8  Average  27.0 31.8 
St. Error 0.7 0.4  St. Error 0.5 0.5 

B-Lo 29.4 30.8  E 26.8 34.5 

B-Lo 30.2 32.3  E 28.2 33.2 

B-Lo 30.6 32.5  E 29.3 29.9 

Average  30.0 31.9  Average  28.1 32.5 
St. Error 0.4 0.5  St. Error 0.7 1.4 

C-Lo 29.2 29.5  F 28.3 30.4 

C-Lo 32.6 36.1  F 28.3 28.6 

C-Lo 30.1 33.3  F 26.9 28.2 

Average  30.7 33.0  Average  27.8 29.0 
St. Error 1.0 1.9  St. Error 0.5 0.7 

A-Hi 24.3 31.3  G 34.2 35.5 

A-Hi 29.1 30.2  G 34.4 33.1 

A-Hi 22.3 28.6  G 30.3 32.7 

Average  25.2 30.0  Average  33.0 33.8 
St. Error 2.0 0.8  St. Error 1.3 0.9 

B-Hi 27.0 29.8     

B-Hi 28.2 31.6     

B-Hi 27.2 28.5     

Average  27.4 30.0     
St. Error 0.4 0.9     

C-Hi 27.0 30.7     

C-Hi 31.4 29.9     

C-Hi 32.9 35.5     

Average  30.4 32.0     
St. Error 1.8 1.7     

 



 135

Table B.4.  Slopes of the stress relaxation curves from 5 to 20 hours at 1% strain in both 
directions.  The first 5 hours of data for each curve was omitted and the natural log of the 
time values was taken in order to linearize the curves.  Slopes were then found using 
linear regression and the method of least squares.   
 

 SLOPES   SLOPES 
 PRIMARIES   TUFTED PRIMARIES 

Sample Warp  Fill   Sample Warp  Fill  

11 ppi -0.6995 -0.7863  11Pri8spi -0.6642 -1.2577 

11 ppi -0.7419 -1.0107  11Pri8spi -0.8547 -2.3973 

11 ppi -0.6543 -0.9638  11Pri8spi -0.8393 -2.2537 

Average  -0.6986 -0.9203  Average  -0.7861 -1.9696 

St. Error 0.0253 0.0683  St. Error 0.0611 0.3583 

18 ppi -0.6938 -1.200  11Pri12spi -0.9308 -2.3437 

18 ppi -1.0141 -1.9579  11Pri12spi -1.045 -2.3736 

18 ppi -0.6470 -1.2806  11Pri12spi -0.9009 -1.7049 

Average  -0.7850 -1.4795  Average  -0.9589 -2.1407 

St. Error 0.1154 0.2403  St. Error 0.0439 0.2181 

    18Pri8spi -1.0943 -3.5557 

 SLOPES  18Pri8spi -0.9455 -3.1155 

 SECONDARIES  18Pri8spi -1.0783 -4.1052 

Sample Warp  Fill   Average  -1.0394 -3.5921 

16x5 -0.4061 -0.2615  St. Error 0.0472 0.2863 

16x5 -0.7867 -0.2543  18Pri12spi -1.038 -2.806 

16x5 -0.3523 -0.1645  18Pri12spi -1.2439 -4.3315 

Average  -0.5150 -0.2268  18Pri12spi -0.938 -3.2029 

St. Error 0.1367 0.0312  Average  -1.0733 -3.4468 

18x11 -0.5489 -0.1989  St. Error 0.0901 0.4569 

18x11 -0.4497 -0.2037     

18x11 -0.6759 -0.2713     

Average  -0.5582 -0.2246     

St. Error 0.0655 0.0234     
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Table B.4 (Continued).  Slopes of the stress relaxation curves from 5 to 20 hours. 
 

 SLOPES   SLOPES 
 FINISHED CARPET   FINISHED CARPET

Sample Warp  Fill   Sample Warp  Fill  

A-Lo -5.4011 -7.2674  D -5.5336 -8.5285 

A-Lo -2.4894 -2.6357  D -5.4455 -7.8793 

A-Lo -5.2908 -6.1641  D -4.8126 -6.0265 

Average  -4.3938 -5.3557  Average  -5.2639 -7.4781 
St. Error 0.9527 1.3968  St. Error 0.2271 0.7496 

B-Lo -3.3947 -3.9953  E -2.3931 -3.2117 

B-Lo -4.9209 -5.5776  E -3.873 -6.5272 

B-Lo -4.2302 -5.1842  E -4.1319 -5.8842 

Average  -4.1819 -4.9190  Average  -3.4660 -5.2077 
St. Error 0.4412 0.4756  St. Error 0.5416 1.0151 

C-Lo -5.6234 -6.5609  F -3.7946 -3.8097 

C-Lo -6.4365 -7.4501  F -5.213 -5.1293 

C-Lo -5.5321 -6.0597  F -4.2471 -4.8613 

Average  -5.8640 -6.6902  Average  -4.4182 -4.6001 
St. Error 0.2875 0.4065  St. Error 0.4183 0.4027 

A-Hi -3.8723 -6.0691  G -7.2893 -6.7673 

A-Hi -3.6648 -5.1131  G -5.0664 -4.7895 

A-Hi -2.1641 -4.2126  G -3.5441 -4.2702 

Average  -3.2337 -5.1316  Average  -5.2999 -5.2757 
St. Error 0.5382 0.5360  St. Error 1.0874 0.7607 

B-Hi -2.7775 -3.653     

B-Hi -4.0283 -5.0154     

B-Hi -3.5657 -3.7818     

Average  -3.4572 -4.1501     
St. Error 0.3651 0.4343     

C-Hi -4.4894 -5.7188     

C-Hi -5.4645 -5.6918     

C-Hi -4.5234 -4.1355     

Average  -4.8258 -5.1820     
St. Error 0.3195 0.5233     
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Table B.5.  Residual load (in lbs/in.) on sample after 20 hours at 1% strain in warp and 
fill directions.  This table contains the data from Table B.2 converted to units of lbs/in. so 
the data can be more easily compared to other materials.   
 

 Residual Load (lbs/in.)   Residual Load (lbs/in.) 
 PRIMARIES   TUFTED PRIMARIES

Sample 
Warp  

(lbs/in.) 
Fill 

(lbs/in.)  Sample 
Warp  

(lbs/in.) 
Fill 

(lbs/in.) 

11 ppi 0.17 0.31  11Pri8spi 0.28 0.72 

11 ppi 0.27 0.39  11Pri8spi 0.28 1.04 

11 ppi 0.27 0.45  11Pri8spi 0.31 0.97 

Average  0.23 0.38  Average  0.29 0.91 

St. Error 0.03 0.04  St. Error 0.01 0.10 

18 ppi 0.39 0.63  11Pri12spi 0.34 0.86 

18 ppi 0.56 0.92  11Pri12spi 0.42 0.87 

18 ppi 0.33 0.69  11Pri12spi 0.50 1.00 

Average  0.43 0.75  Average  0.42 0.91 

St. Error 0.07 0.09  St. Error 0.04 0.05 

    18Pri8spi 0.52 1.94 

 Residual Load (lbs/in.)  18Pri8spi 0.46 1.56 

 SECONDARIES  18Pri8spi 0.57 2.01 

Sample 
Warp  

(lbs/in.) 
Fill 

(lbs/in.)  Average  0.51 1.83 

16x5 0.24 0.09  St. Error 0.03 0.14 

16x5 0.28 0.07  18Pri12spi 0.44 1.32 

16x5 0.15 0.04  18Pri12spi 0.44 1.63 

Average  0.22 0.07  18Pri12spi 0.43 1.64 

St. Error 0.04 0.01  Average  0.44 1.53 

18x11 0.19 0.08  St. Error 0.00 0.11 

18x11 0.15 0.09     

18x11 0.24 0.11     

Average  0.19 0.09     

St. Error 0.03 0.01     
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Table B.5 (Continued).  Residual load (in lbs/in.). 
 

 Residual Load (lbs/in.)   Residual Load (lbs/in.)
 FINISHED CARPET   FINISHED CARPET 

Sample 
Warp  

(lbs/in.) 
Fill 

(lbs/in.)  Sample 
Warp  

(lbs/in.) 
Fill 

(lbs/in.) 

A-Lo 2.19 3.23  D 2.24 3.84 

A-Lo 2.32 3.07  D 2.53 3.93 

A-Lo 2.47 3.07  D 2.48 3.16 

Average  2.33 3.12  Average  2.41 3.64 
St. Error 0.08 0.05  St. Error 0.09 0.24 

B-Lo 2.19 2.62  E 2.06 3.94 

B-Lo 2.29 2.75  E 2.08 3.52 

B-Lo 2.26 2.64  E 2.38 3.53 

Average  2.25 2.67  Average  2.17 3.67 
St. Error 0.03 0.04  St. Error 0.10 0.14 

C-Lo 2.31 2.45  F 2.28 2.87 

C-Lo 2.92 3.47  F 2.46 2.41 

C-Lo 2.63 2.98  F 2.19 2.71 

Average  2.62 2.97  Average  2.31 2.66 
St. Error 0.17 0.29  St. Error 0.08 0.14 

A-Hi 1.82 3.07  G 3.43 2.89 

A-Hi 1.87 2.71  G 2.93 2.76 

A-Hi 1.33 2.64  G 2.22 2.71 

Average  1.67 2.81  Average  2.86 2.79 
St. Error 0.17 0.13  St. Error 0.35 0.06 

B-Hi 1.78 2.48     

B-Hi 1.98 2.43     

B-Hi 2.32 2.63     

Average  2.02 2.51     
St. Error 0.16 0.06     

C-Hi 1.94 2.58     

C-Hi 2.46 2.44     

C-Hi 3.12 3.03     

Average  2.51 2.69     
St. Error 0.34 0.18     
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Appendix C 

Analysis of Finished Carpets Including the Effect of Humidity 

 

 Due to a malfunction of the humidifier in the laboratory during testing, some of 

the tests on the finished carpet samples were performed at humidities lower than the 

standard 65% (i.e. in the low forties).  In order to determine whether or not the humidity 

affected the results of the biaxial tests, the ANOVA and linear contrasts performed for 

the finished carpet samples were repeated with the factor of humidity added into the 

model.  Results are shown in Table C.1. 

 

 

Table C.1.  Results of the statistical analysis of the biaxial test data for the various 
finished carpets with the factor of humidity incorporated into the model.  Data in the table 
are p-values.  α-value = 0.05.  
 

P-Values 
Residual Load % Retained Stress Slope Linear 

Contrast Warp Fill Warp Fill Warp Fill 

1)  Carpets with 
different primaries 

0.6202 
 

0.0002 
Significant 

0.3035 
 

0.0737 
 

0.3405 
 

0.8341 
 

2)  Carpets with 
different 
secondaries, I 

0.0028 
Significant 

0.3413 
 

0.0099 
Significant 

0.6350 
 

0.0058 
Significant 

0.3464 
 

3)  Carpets with 
different 
secondaries, II 

0.3091 
 

0.0409 
Significant 

0.8085 
 

0.1961 
 

0.0886 
 

0.1148 
 

4)  Carpets with 
different 
secondaries, all 

0.0074 
Significant 

0.0807 
 

0.0319 
Significant 

0.3812 
 

0.0076 
Significant 

0.1878 
 

5)  Comparing 
tufting densities 0.6536 0.4127 0.3248 0.3474 0.2469 0.0688 

6)  Lo vs. Hi latex 
levels 

0.0243 
Significant 

0.0636 
 

0.0141 
Significant 

0.0221 
Significant 

0.0273 
Significant 

0.1868 
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Comparing Table C.1 to Table 8.9 shows that factoring in the effect of humidity 

does not change the results or conclusions for the finished carpets.  The differences in 

humidity were relatively small, i.e. the humidity ranged from 40% to 68% in the tests.  

To determine the true effect of humidity on the stress relaxation behavior of carpets, a 

planned experiment must be performed.  The results here indicate that the malfunction of 

the humidifier during the biaxial tests had no detrimental effect on the results.    

 




