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 One of the most important properties of a fabric (geotextile) and also one of the 
focus areas of the current research study is its tensile strength, and thus, 
mechanical properties (modulus, resilience, strength, toughness). To this end, 
the mechanical properties of the geotextiles must properly be evaluated at the 
“macro-scale” as well as at the “micro-scale” as they are fibrous synthetic 
materials including polymeric fibers as well as significant volume of void space. 
As being a polymer, the mechanical behavior of the geotextile micro-fibers is 
highly dependent on the ambient conditions including particularly the 
temperature. In light of this, the tensile behavior of geotextile single micro-fibers 
was characterized by performing micro-mechanical tensile tests at “micro-scale” 
level at different cold temperature conditions using Dynamic Thermo-
Mechanical Analyzer (DMA) to measure the developed “micro-scale” tensile 
stress – strain behavior of geotextile micro-fibers. The results examined from the 
influence of micro-mechanical properties of polymeric fibers on the observed 
temperature dependent stress-strain curve were used to determine the modulus 
of elasticity (E), modulus of resilience (UR), ultimate tensile strength (τmax), 
amount of plastic strain (εp), toughness (UT), rupture strength (τR) for the 
polypropylene (PP) micro-fiber of needle-punched nonwoven (NPNW) 
geotextile and the variation in  those  important mechanical properties with a 
change in ambient temperature conditions. The experimental results show that 
the mechanical properties of the PP fibers do not remain constant within the 
common range of cold temperatures (-10 °C – 21 °C) found in typical  civil 
engineering applications such that the temperature change was found to be an 
important factor affecting the PP fiber micro-mechanical properties such as 
modulus, strength, toughness and plastic elongation. Therefore, the test results 
provide an index of behavior at “micro-scale” level for the polymeric geotextile 
single fibers at cold temperature conditions. 
 

© 2021 MIM Research Group. All rights reserved. 
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1. Introduction and Background 

Temperature has a significant effect on the mechanical properties of polymers, such as 
modulus, tensile strength, toughness and hardness. Polymers soften and eventually flow 
as they are heated while they harden when cooled [1, 2]. Therefore, it is important to know 
the limiting temperatures at which polymer components can still be loaded with moderate 
deformations [3]. One of the most important properties of a fabric (geotextile) and also one 
of the focus areas of the current research study is its tensile strength, and thus, mechanical 
properties (modulus, resilience, strength, toughness). Most geotextile applications have 
been developed by relying on those engineering properties [4]. This is attributed to the 
fact that many geosynthetic applications using geotextiles are designed to complement the 
relatively low tensile capacity of soils [5]. To this end, tensile stress-strain (or: tensile 
force-displacement) test that is one of the common mechanical test types extensively used 
for polymeric materials (geotextiles) will comprehensively be examined in the paper. 
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Temperature has a significant effect on tensile properties of polymers [6, 7]. Since 
polymers are anisotropic materials and highly sensitive to both temperature change and 
strain rate [3, 8]. As temperature decreases in a polymeric material, a gradual contraction 
of the material occurs, resulting in less free volume as well as strengthening of the bonding 
forces which form the polymer structure and constitute the network of polymer chains 
holding the material together [3, 9]. Further, the tensile behavior of a polymer is strongly 
related to the state of the material which is dependent on its temperature. Polymers 
(Oriented Crystal Fiber, Glassy) are brittle at the lowest temperatures. As the temperature 
decreases, they become more “tough”, until they reach brittle-ductile transition below 
which polymers become sufficiently brittle that they can exhibit rupture (break) at 
relatively small strains. Further decrease in temperature leads to a glassy-like behavior [8, 
10]. As the operating temperature range (typically -10 °C to 40 °C) in the field for PP 
geotextile is limited to temperatures much lower than Tm and higher than Tg, geotextile 
single fibers manufactured from this polymeric material is expected to exhibit temperature 
dependent “stiffness” and “ductile elasto-plastic” tensile behavior [6, 9]. Moreover, the type 
of behavior a polymeric material shows (brittle versus ductile) when tested depends on 
the strain rate of extension in tensile tests. For example, if extremely high strain rates are 
used, a polymer can exhibit brittle behavior at almost any temperature [4, 7]. Since 
geotextiles are made from polymeric materials, it is well known that their behavior can be 
affected by test conditioning such as ambient temperature, and the rate of extension or 
contraction in tension or compression tests, respectively such that there is an important 
aspect of fibrous materials (e.g. geotextiles) which must always be considered when fabrics 
are tested in tension mode. 

In the earlier research works, the geotextiles being a very common polymer-based material 
utilized in a wide range of infrastructural applications were tested and the mechanical 
properties were characterized at macro scale only. On the other hand, the geotextile is a 
nonwoven fibrous material (fabric) that contains micro-fibers and significant amount of 
void (pore) space. For this reason, macro-scale characterization and response observed in 
the past could be deemed as incomplete since unable to provide a comprehensive 
understanding and sufficient insight to the micro-mechanical properties of geotextile 
fibers at micro-state and their measurement and characterization at cold environmental 
conditions (cold temperatures). To this end, the research work presented in the paper will 
provide a different perspective onto the topic in light of the reasons discussed in detail as 
follows: The geotextiles can exhibit different tensile stress-strain behavior as well as show 
favorable versus adverse response to varied test conditions such as temperature and strain 
rate variations when tested at the “macro-scale” level versus when tested at the “micro-
scale” level. This is due to the heterogeneous internal structural formation of the fibrous 
materials (geotextiles) such that the total deformation under extension or contraction 
loading is the cumulative result of fiber deformation and internal structural rearrangement 
of the geotextile for which the initial elasto-plastic type deformation is strongly 
temperature and strain rate dependent, while the long-term rearrangement type 
deformation is not [11, 12]. 

2. Characterization of Micro-Mechanical Properties of Geotextile Fibers 

2.1. Fabric Characteristics used in Testing Program  

The tested micro-fibers were extracted from a staple fiber polypropylene (PP) needle-
punched nonwoven (NPNW) type geotextile. NPNW geotextiles consist of spatially curved 
fibers that are often assumed to be randomly oriented and isotropically distributed [12, 
13]. 
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2.2. Experimental Device: Dynamic Thermo-Mechanical Analyzer (DMA) 

Dynamic Thermo-Mechanical Analyzer (DMA) (Figure 1) was first used to measure micro-
mechanical properties (tensile behavior or the developed “micro-scale” stress-strain 
response) of geotextile fibers. 

 

Fig. 1 Computer Automated Dynamic Thermo-Mechanical Analyzer (Entire System) 

2.3. Consistency and Accuracy of Measurements 

Among several modes of operations (e.g. Multi-Frequency, Multi-Stress–Strain, Creep 
Stress–Relaxation, Isostrain) (Figure 2) that the DMA provides, the Controlled Strain Rate 
mode (Figure 2b) was used to measure tensile properties and to investigate the 
development of tensile stress versus strain relationships of single geotextile fibers at 
different cold temperatures. In this mode of operation, strain is ramped at a constant rate 
while the temperature is held constant. As such, the micro-scale tests were conducted at 
constant rate of elongation at micro-state (controlled strain rate mode: Figure 3) over the 
range of cold temperatures from -10 °C to 21 °C with 5 °C increments between different 
test temperatures to observe the repeatability of the developed tensile force-extension 
behavior as well as to see the reproducibility of fiber tensile strength response at every 
test temperature. 

In particular, Figure 3 demonstrates that the experimental set-up has high capability and 
robust performance in applying accurate strain controlled extensional tension on micro-
fibers during the entire course of the tests from the initiation to the end at all test 
temperatures even at cold ambient temperature condition of -10 °C. Further, as seen in 
Figure 3 that the tensile tests for the entire range of cold test temperatures performed 
using Controlled Strain Mode in which Strain over Stress Ratio increases linearly with a 
constant rate with respect to time (Figure 2b) among the alternative testing and 
characterization modes as shown in Figure 2 verifies that the system has advanced as well 
as robust control and accurate, consistent measurements on the whole tested micro-fiber 
specimens during the experiments at all cold test temperatures. Since, the four different 
tests at each test temperature demonstrates similar response and consistent behavior 
which confirms the reproducibility of micro-fiber tensile strength at every test 
temperature and the repeatability of the developed tensile force – extension behavior for 
the tested micro-fibers (Figure 3). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2 Different Modes of Micro-Mechanical Testing and Characterization 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 3 Controlled Strain Rate Mode of Testing for Micro-Fibers at 
Different Ambient Conditions 

2.4. Characterization Technique: Test Method, Sample Preparation and 
Experimental Procedures 

The micro-fiber specimens (Figure 4) tested to failure using a constant-rate-of uniaxial 
extension (CRE) type tensile testing of a predetermined gage length and rate of extension 
at different cold temperatures were extracted from geotextile samples selected randomly 
from the big roll of the textile fabric. After preparation, the fiber test specimens were 
placed and conditioned between two smooth clamp fixtures (with flat jaws for gripping the 
fiber specimens) of the Dynamic-Thermo-Mechanical Analyzer (DMA). The distance 
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between the clamps was adjusted to obtain the selected nominal gage length of 12.5 mm. 
The fiber which was glued on the paper tab was gripped with a set of stationary jaws by 
removing slack without stretching the specimen and then, the axial alignment of the fiber 
must be ensured by carefully controlling the paper tab and the fiber tension kit. After 
moving the grips to ensure that the specimen was axially aligned straight, the paper tab 
was cut gently at the middle points of either side. Before initiating the experiment to 
measure tensile properties and to investigate the development of tensile force versus 
elongation curve of PP fibers at cold temperature conditions, the oven was closed and the 
temperature was decreased down to the target test temperature through the controller 
software of the system. Subsequently, the test was initiated and the PP fiber specimens 
were stretched in tension and ruptured using a constant-rate-of extension (CRE) type 
tensile test in which the rate of extension (extension speed) was set as a constant value of 
0.125 mm/s for fiber specimens having an average diameter of 0.035 mm (35 μm) to 
provide proper rate of elongation for the gage length (net measurement length of the fiber) 
of 12.5 mm selected. This strain rate was determined based on initial specimen length, L; 
[dε/dt=(L/100)] and intentionally used to observe the entire deformation behavior - 
consisting of i) elastic elongation; and ii) inelastic deformation of fiber polymeric materials 
under tension until the rupture takes place. After breaking the specimen, the tension clamp 
was returned to its original position (starting condition) and all remains of the failed 
specimen were removed from the clamp faces. 

 

 
(a) 

 
(b) 

Fig. 4 The PP Micro-Fiber Test Specimen Placement and Conditioning 

The area correction for the tested single geotextile specimens during the experiments were 
automatically performed by the controller software of the DMA as follows. After moving 
the grips to ensure that the specimen was axially aligned straight, the exact diameter of the 
specimen was measured and the value of which was entered into controller program so 
that the program during elongation was able to automatically compute the tensile stress 
by using the current cross-sectional area of the specimen detected by the digital camera 
system during extension of the specimen and comparing this value with the initial cross-
sectional area. Therefore, the tensile stresses measured were the corrected values based 
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on elongation of the specimen and the resulting contraction occurred in the area detected 
by the integrated camera system.       

3. Micro-Scale Mechanical Behavior and Response of Fibers 

3.1. Introduction and Scope 

The tensile stress – strain curves at different cold temperatures for polypropylene (PP) 
micro-fibers are presented in Figure 5. The tensional elongation behavior of micro-fibers 
within the entire range of ambient temperatures tested (-10 °C to 21 °C) comprised of 
elasto-and-predominantly-plastic response comparing the amount of strain exhibited 
during the course of plastic elongation relative to that of displayed throughout elastic 
elongation (Figure 5).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 5 Tensile Stress – Strain Curves at Different Temperatures for Polypropylene 
Micro-Fibers tested at Constant Rate of Elongation at Micro-State 
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Moreover, the tensile stress versus axial strain curves at different temperatures 
demonstrate that there occurs a dramatic (very sharp) increase in tensile stress within a 
small strain (elongation) of the fiber, and thereafter, the rate of increase in tensile stress 
becomes gradual at a slower rate prior to yielding transforming to plastic response after 
elastic elongation. Furthermore, as seen in Figure 5, during plastic elongation, tensile 
stress remained approximately constant although the elongation of the specimen 
continued, however, the specimens were not able to withstand additional tensile stress. 
Based on observations made on post-test micro-fiber specimens after the experiments 
were completed, it was seen that the failure (rupture point) took place at different 
locations of the sample gauge length with some being close to the middle of the specimen, 
whereas, others were closer to either end (up or down) where the tension break rupture 
occurred in the upper or lower portion of the fiber specimens. 

3.2. Shape and Development of Stress versus Strain/Stress Curves at Different 
Temperatures and Elasto-Perfectly-Plastic Behavior 

Micro-mechanical uniaxial tensile tests on the micro-fibers performed under a “constant 
rate” of extension loading at test temperatures ranging from -10 °C up to 21 °C with 5 °C 
increments between different test temperatures displayed predominantly inelastic 
response exhibited over a relatively large strain intervals as compared to that of elastic 
response mobilized over a very limited strain intervals (Figure 6). The shapes of stress 
versus strain/stress curves for all the tests performed on micro-fiber specimens at various 
cold temperatures were in good agreement, and indicated that plastic elongation behavior 
(nonlinear elasto-perfectly plastic form) occurs in polypropylene fibers under tensile load 
prior to failure or rupture of the fibers. The strain over stress ratio at the onset of the tests 
reads about 0.1 MPa-1, and then, with an initial slight (insubstantial) increase in tensile 
stress, this ratio reduces to 0.02 MPa-1 within a very small time interval of measurement. 
Later, stress increases linearly and dramatically with respect to strain over stress ratio at 
a constant positive slope (𝑆𝑙𝑜𝑝𝑒 = [𝑆𝑡𝑟𝑒𝑠𝑠 (𝑆𝑡𝑟𝑎𝑖𝑛/𝑆𝑡𝑟𝑒𝑠𝑠⁄ )] = 𝑆𝑡𝑟𝑒𝑠𝑠2 𝑆𝑡𝑟𝑎𝑖𝑛⁄ ) within a 
very short time interval of measurements which indicates that, at this stage of the tensile 
tests, the square of stress is directly proportional to strain through a linear (1st order) 
relationship. Finally, beyond a strain over stress ratio of 0.07-0.08 MPa-1, the stress 
remains approximately constant displaying a slope of zero (𝑆𝑙𝑜𝑝𝑒 = 𝑆𝑡𝑟𝑒𝑠𝑠2 𝑆𝑡𝑟𝑎𝑖𝑛⁄ ) 
demonstrating that the tensile stress measured for the rest of the test progress remains 
more or less constant that is an indication of perfectly plastic behavior as such the strain 
increases at a constant rate of elongation implying true plastic behavior of micro-fibers 
prior to rupture at about 0.25 MPa-1 strain over stress ratio. Although the elastic stage lasts 
within a relatively short interval of the strain/stress of 0.06 MPa-1, the plastic stage 
progresses at a much larger interval of the strain/stress of 0.17 MPa-1. To this end, it is seen 
that the elongation of micro-fibers under tension over the entire range of test 
temperatures from -10 °C to 21 °C is predominantly comprised of permanent plastic 
straining along with a minor and limited amount of temporary elastic deformation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 6 Tensile Stress – Strain/Stress Curves at Different Ambient Temperatures 

 

Further, the tensile stress versus strain/stress curves at different cold temperatures 
presented in Figure 6 are descriptive and provide an opportunity in illustration for a 
detailed view and helps us see obviously the different stages of elasto-perfectly-plastic 
behavior and fiber yielding stage in demonstrating the details of transformation of the 
behavior from elastic to plastic. Moreover, Figures 5 and 6 verify the accuracy and 
consistency of the measurements for the mechanical properties of the micro-fibers tested 
at different cold temperatures from the proximity of the curves in the replicate tests at the 
same test temperature. 
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3.3. Assessment of Ductility and Brittleness for the Material Tested 

There is an apparent trend which can be observed in the series of graphs in both Figures 5 
and 6 of the tensile stress versus strain and/or strain/stress failure envelopes, 
respectively, for polypropylene fiber specimens growing with a decrease in temperature 
such that the size of the area under the curve enlarges which is an indication of greater 
energy absorbed by the fiber during tensile deformation under the load. As such, for the 
tested polymeric fibers, the tensile stress – strain curves from colder temperature tests fall 
outside of the failure envelope of that defined by the warmer temperature tests. This 
variation in tensile stress versus strain response shows the influence of temperature on 
the PP micro-fibers at micro-state. Furthermore, the fibers are highly ductile with majority 
of the fibers experiencing a large amount of plastic deformation before rupture (Figures 5 
and 6). Brittle tension rupture for the specimens was not observed for the temperature 
range tested (-10 °C to 21 °C). Brittle failure modes generally occur under glass transition 
temperature (Tg) of polymeric material as the nature of bonding between the molecules of 
polymers is based on ambient temperature. 

Furthermore, Figure 7 demonstrates stress over strain ratio with respect to strain in the 
tensile tests at different cold temperatures. The purposeful use and illustrative explanation 
of Figure 7 is such that the stress to strain ratio, at all test temperatures, escalates very fast 
within only 1% strain of elongation, and arrives to a very sharp point peak (indication of 
elastic elongation), and thereafter, drops off exponentially, and finally reaches to 
approximately constant values at about 40% strain of elongation after which remains 
asymptotically until fiber rupture. The slope of the curves in Figure 7 represents the 
proportion of tensile stress to the square of strain (𝑆𝑙𝑜𝑝𝑒 = [{𝑆𝑡𝑟𝑒𝑠𝑠/𝑆𝑡𝑟𝑎𝑖𝑛}/𝑆𝑡𝑟𝑎𝑖𝑛] =
[𝑆𝑡𝑟𝑒𝑠𝑠/(𝑆𝑡𝑟𝑎𝑖𝑛)2]).  A very rapid increase in the stress to strain ratio at the onset of the 
tests within only 1% axial strain with increasing nonlinear slope of the curves at this stage 
demonstrates that the measured tensile stress ramps up very quickly at a much higher rate 
than the (strain2). This is attributed to enhanced resilience of the polypropylene micro-
fibers exhibited at elastic stage of elongation under the application of tensile elongation 
instantly within very small range of longitudinal strains less than 2% that testifies the 
development of immediate elastic response as soon as the fiber has been tensioned 
extensionally where the linear increase of stress over strain ratio at a constant rate with 
respect to axial strain verifies and demonstrates the development of elastic response. 
Thereafter, the exponential decrease after the “sharp point peak” displayed in the curves 
in Figure 7 reveals that the rate of increase in tensile stress at elastic stage begins to 
decrease gradually indicating the behavior is transforming from elastic to plastic nature by 
passing through a transition zone up until 40% of tensile elongation. This stage of the 
tensile response was portrayed as a logarithmic increase behavior with a decreasing rate 
of increase in the tensile stress versus axial strain curves shown in Figure 5 as a mid-phase 
in between elastic and plastic stages of the tests. Additionally, a relatively lower rate of 
decrement in the curves (Figure 7) displayed at post-peak stage compared to those 
exhibited in pre-peak stage is another indication for the mid-phase which develops 
between elastic and plastic stages under tensile elongation of the fibers. As such, although 
the tensile stress arrives to peak within 1% of longitudinal elongation, drops off from the 
peak and reaches to plastic stage by undergoing 39% of additional elongation after the 
peak (Figure 7). Further, the asymptotic behaviors observed in the curves in Figure 7 at 
which the stress to strain ratio remains almost constant after 40% of tensile elongation 
until the rupture of the fiber at about 100% elongation point out the occurrence of plastic 
deformation where inconsequential change is seen in tensile stress with increasing axial 
strain throughout an interval of significant amount of elongation prior to fiber break. 
Consequently, three distinct parts, within the entire range of ambient test temperatures, 
are seen in tensile force versus elongation response of the micro-fibers including a 
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predominant plastic stage occurred during or mobilized over 60% fraction of the total axial 
elongation developed in the fibers under tension, verifying that the micro-fibers are 
capable of withstanding greater extent of plastic elongation. This denotes that a ductile 
response with a predominant plastic phase has been observed for tensile stress versus 
strain behavior of the micro-PP-fibers regardless of ambient temperature tested. 
Additionally, as the temperature increases, the amount of plastic axial elongation exhibited 
by the micro-fibers becomes larger. This is associated with material hardness as the 
polymeric micro-fibers inherently become softer, and hence, more ductile when ambient 
temperature increases resulting in greater flexibleness. 

Moreover, as compared to the warmer test temperatures above 0 °C, there occurs a slight 
variation in the values of tensile stresses measured in the different replicate tests at the 
same ambient conditions for the micro-fibers particularly when the ambient test 
temperature becomes colder much below 0 °C. This is associated with the inherent 
material properties of polymeric PP-fibers such that the firmness of the micro-fibers as per 
micro-mechanical stability in exhibiting identical tensile strength response in the replicate 
tests at the same ambient conditions becomes less consistent with a further decrease in 
ambient temperature especially below 0 °C (Figures 6 and 7). 

3.4. Fiber Micro-Mechanical Properties and Stages of Force-Displacement Failure 
Envelopes 

Tensile stress versus strain/stress curves at different temperatures presented in Figure 6 
clearly illustrated different stages of elasto-plastic behavior and yielding stages of the 
tested micro-fibers in demonstrating the mechanisms for the transformation of the tensile 
behavior from elastic to plastic passing through the two yielding stages including initial 
and ultimate yielding of the fibers under tensile elongation. In this perspective, Figure 8 
presents the mean tensile stress versus strain/stress curves as a function of the 
temperature starting from the standard room temperature of 21 °C down to the ambient 
cold temperature condition of -10 °C. These mean curves are descriptive in emphasizing 
that the micro-fibers resulted in a similar trend of tensile stress versus axial strain 
response at all test temperatures such that the tensile stress – strain/stress curves have a 
nonlinear elasto-perfectly-plastic form regardless of the ambient temperature tested. The 
mean curves shown in Figure 8 provided an opportunity in illustration for a detailed view 
and helping to see clearly the different stages of elasto-perfectly-plastic behavior and fiber 
yielding stage in depicting the details of transformation of the behavior from elastic to 
plastic. Additionally, the curves demonstrate that there occurs a dramatic, very sharp 
increase in tensile stress within a small strain of the fiber, and thereafter, the rate of 
increase in tensile stress becomes gradual at a slower rate prior to yielding, and thus, 
transforming to plastic response after elastic elongation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 7 Assessment of Ductility and Brittleness for Tensile Elongation Response of 
the PP Micro-Fibers 

 

As demonstrated in Figure 8, the general pattern in tensile stress  –strain/stress behavior 
of polypropylene fibers in the tension tests at different ambient cold temperatures ranging 
from 21 °C down to -10 °C can visually be portrayed in three segments: i) strain/stress 
ratios start about 0.05 MPa-1 and proceed to left on the graph space with a steady rise at a 
very low (minimal) slope, and thereafter, the curves undergo initial yielding at a strain over 
stress ratio of 0.015 MPa-1 as well as they change direction by progressing to slightly right 
on the graph space, and then; ii) tensile stress increases dramatically within a relatively 
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small range of 0.04 MPa-1 strain over stress ratio, and finally; iii) the curves exhibit ultimate 
yielding stage and level off, remains more or less constant at greater strain over stress 
ratios displaying perfectly-plastic response with a nearly constant resistances after 
ultimate yielding stage prior to fiber rupture. Moreover, the curves at all test temperatures 
reached rupture failure at axial elongations from 100% to 120%. Consequently, it is noted 
that a transition dominant tensile behavior (Figures 6 and 8) was observed for the PP-
micro-fibers at colder temperatures than the room temperature (≤ 21 °C) including; i) 
elastic stage developing from initiation of the test up to initial yielding, ii) elastic stage 
continuing and displaying a gradual decrease in the rate of increase in tensile stress with 
increasing strain from initial yielding to ultimate yielding, iii) plastic stage mobilizing after 
ultimate yielding until fiber rupture being the predominant mechanism for the examined 
tensile response of the micro-fibers over the entire test temperatures ranging from -10 °C 
to 21 °C. In summary, the uniaxial tensile stress versus axial strain behavior of the fibers 
at different ambient temperatures tested consists of elastic straining, transition zone and 
predominant plastic deformation (Figure 8). That is to say, tensile stress ramps up 
dramatically within very small axial extensional displacements at a range of 0.04 MPa-1 
strain over stress ratio, and then, it remains almost constant during inelastic deformation 
of the polymeric material after passing through yielding deformation. The inelastic 
portions of the stress versus strain/stress curves are essentially parallel at all test 
temperatures. 

 

 
Fig. 8 Different Phases of Elasto-Perfectly-Plastic Behavior and Fiber Yielding Stage 

 

To sum up, as evident from Figures 5 through 8, the force – displacement curves 
underwent a relatively short elastic deformation stage as compared to a longer plastic 
deformation phase. As such, all the micro-fiber specimens tested experienced greater 
amount of strains prior to failure by proceeding through all three main phases of elasto-
plastic deformation including elastic, yielding and plastic zones. In this perspective as per 
the polymer material properties of the micro-fibers, the tensile force versus axial 
elongation behavior, in principle, can be divided into three separate zones, depending on 
the molecular response of the polymer to the level of applied strain [6–8]; i) Within Zone 
I, the response to load is instantaneous and elastic, since the deformations are recoverable 
upon load removal; ii) Deformations within Zone II are still recoverable, but not 
instantaneously. Time dependent response within Zone II usually is generally associated 
with visco-elastic behavior; iii) Within Zone III, the material exhibits an inelastic response 
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in that the deformations are irrecoverable upon load removal and response within this 
region is related to plastic behavior in which strains consist plastic components. In terms 
of physico-chemical considerations, the stretching of inter-atomic bonds occurs in Zone I 
when going through elastic elongation. Throughout the transition zone (Zone II), polymer 
molecular chains get straightened. Lastly, the relative displacement of molecules in the 
polymer takes place in Zone III during plastic deformation. 

3.5. Modulus of Elasticity, E 

The observed tensile stress versus axial strain behavior of PP fiber specimens indicated 
that the fibers become stronger and stiffer as temperature decreases under the application 
of tensile load. The initial elastic portion of stress – strain curves rotates “counter-
clockwise” demonstrating an increase in stiffness; hence, elasticity modulus with 
decreasing temperature. As such, the result of micro-scale tensile tests on the PP fibers 
disclosed and presented that the modulus of elasticity increased at an increasing rate 
incrementally as the ambient temperature decreased. Figure 9a shows the change of 
elasticity modulus as a function of temperature. The values of the modulus of elasticity 
have been calculated from initial linear portions of the stress versus strain curves. The 
mean diameter of a single fiber under zero tensile load is 35 μm (0.035 mm) which 
constitutes an average cross sectional area of 9.62×10-10 m2 (9.62×10-4 mm2). When the 
measured tensile forces on the order of 35 to 55 gram-force at various temperatures are 
divided by the small cross-sectional area of the fiber; then, the resulting elasticity modulus 
values were in the order of tens of MPa. 

It is evident from Figure 9a that the PP fiber modulus is inversely proportional to 
temperature. The maximum stiffness for all the tests conducted in this study was obtained 
at the lowest ambient temperature (-10 °C). As such, the fibers produced from polymers 
were stiffer and firmer at colder temperature conditions and became relaxed and more 
flexible at warmer temperatures such as the room temperature (21 °C). Consequently, in 
the tests at lower temperatures, the fibers underwent less deformation as compared to 
those of at higher ambient temperatures before proceeding through transition 
deformations or yielding from elastic type to plastic type elongations. A regression analysis 
performed on the experimental data based on second-order polynomial fit provided a good 
quadratic increase model with a high “coefficient of determination” of 0.9815. The 
closeness of fit between the regression curve and the test data indicates that a good 
correlation between the temperature and the modulus of the fibers exists (Figure 9a). The 
empirical relationship (Equation 1) between fiber modulus and temperature was 
developed based on the results of micro-scale tensile tests at different ambient 
temperatures and could be utilized as a mathematical empirical relationship to relate 
elasticity modulus to temperature change in which Young’s modulus values follow a 
nonlinear pattern with decreasing temperature for the PP fibers extracted from NPNW 
geotextiles. 

𝐸 (𝑀𝑃𝑎) = 0.0396𝑥[𝑇(°𝐶)]2 −  1.5724𝑥[𝑇(°𝐶)] + 49.752       (1) 

where, E : Modulus of elasticity (MPa), T : Temperature (°C) 

3.6. Modulus of Resilience, UR 

Resilience is defined as the ability of a material to absorb energy when deformed 
elastically, and release that energy upon unloading [6, 7, 14, and 15]. As seen from the 
results of experimental program at different cold temperature conditions, tensile stress 
versus axial strain curves had a similar form with a sharp increase prior to arriving in the 
transition zone and ultimately experiencing plastic deformation at all temperatures tested 
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(Figure 5). In light of this, resilience for the fibers can be determined based on the concept 
of being the maximum energy that they absorb under tension within the elastic limit 
without creating a permanent distortion before the transition zone (yielding stage) of 
stress – strain curves. Therefore, the modulus of resilience for the PP fibers tested at 
various temperatures was calculated by integrating tensile stress with respect to axial 
strain – that is basically the area underneath of the stress – strain curves – from zero up to 
the elastic limit so as to obtain the elastic deformation energy per volume of the test 
specimen, referring to resilience, until at a point where the first departure from linearity 
occurs. In terms of physical considerations, the elastic deformation energy under tensile 
elongation per volume of the test specimen describing the modulus of resilience is basically 
observed during elastic straining wherein the developed deformations are instantaneously 
recoverable. The modulus of resilience (UR) for the PP fibers increased exponentially as the 
ambient temperature decreased (Figure 9b). It means that the area under tensile stress 
versus axial strain curves until elastic limit, that is the elastic deformation energy per 
volume of test specimen, enlarges with an increasing rate with decreasing temperature. 
The modulus of resilience was smallest at room temperature (21 °C) and displayed an 
increase at colder temperatures (<21 °C). As such, the maximum energy required and 
absorbed per unit volume of the PP fibers without creating a permanent plastic 
deformation (elongation) becomes greater with a decrease in the ambient temperature. 

Moreover, the rate of increase for the modulus of resilience (UR) became greater over the 
range of ambient temperatures particularly between 5 °C and -10 °C as compared to that 
of the range of ambient temperatures between 20 °C and 5 °C. As such, the UR displays an 
increase at a lower rate from 20 °C down to 5 °C, whereas the UR exhibits a raise at a higher 
rate from 5 °C down to -10 °C. Besides, the exponential model developed provides a higher 
coefficient of determination value (R2) in comparison to that of the linear regression fit. 
For this reason, the exponential model obtained has been thought of a better regression fit 
both in precisely displaying the overall behavior (the change or variation of UR with 
decreasing temperature) and in accurately demonstrating a closer proximity between 
intermittent test data and continuous regression curve that resulted in attaining a larger 
value of R2 closer to 1. To this end, the obtained empirical relationship between modulus 
of resilience and temperature (exponentially increasing behavior of UR as a function of 
temperature) is given in Equation 2 (CoD = 0.9832): 

𝑈𝑅  (𝐽 𝑚3⁄ ) =  (1𝑥108) 𝑥 𝑒−0.018𝑥[𝑇(°𝐶)]        (2) 

where, UR : Modulus of resilience (J/m3), T : Temperature (°C) 
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(a) 

 
(b) 

Fig. 9 Elastic Stage Mechanical Properties of the Micro-Fibers and Temperature: 

(a) Modulus of Elasticity (E); (b) Modulus of Resilience (UR) 

3.7. Tensile Strength, τmax 

One of the most important mechanical properties of polymeric materials is its tensile 
strength under tensional elongation that shows indestructibility of the material employed 
in the field. Since a polymer type (PP) is used as a base material to produce geotextile 
micro-fibers, they do not maintain and sustain tensile strength and robustness properties 
with temperature change to which most geotechnical engineering applications are 
exposed. It was observed as a result of micro-scale tensile tests on the PP micro-fibers that 
tensile strength, (τmax) increased as the ambient temperature decreased with greater 
tensile strength under tension measured at lower cold temperature conditions (Figure 
10a). The resulting values of tensile strength measured were on the order of hundreds of 
MPa. The PP micro-fibers at cold temperatures were stronger and resistant but became 
weaker and less strong at higher warm temperatures due to polymer material properties 
changing with temperature and the bonding strength of polypropylene molecules strongly 
dependent on the ambient temperature conditions. However, this is only the micro-level 
response of the fibers extracted from a geotextile fabric. At global state (macro-level), 
depending on fiber processing type and fabric manufacturing method, temperature might 
have minor influence on tensile properties of geotextile fabric sheet [11–13] due to 
internal structural formation which is generated through fiber-fiber interlocking 
(bonding), nature of inner voids, and ability of fibers for rearrangement under external 
forces. 
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As seen from Figure 10a, there is an inverse proportion in between tensile strength of the 
PP micro-fibers and temperature in which they possess higher tensile strength values at 
lower temperatures due to more intact chemical composition and stronger bonding type 
of base polymer molecules (polypropylene) of the fiber at cooler temperatures resulting 
from the material physico-chemical properties. Further, several different types of 
regression analysis such as linear, exponential, polynomial were performed on the micro-
mechanical tensile test data. The linear regression provided the best correlation between 
tensile strength and temperature such that a very good fit between intermittent test data 
and continuous regression curve for which a higher coefficient of determination (CoD) of 
0.9807 was obtained as compared to that of polynomial or exponential regression models 
that resulted in lower CoD values. For single PP fibers extracted from NPNW geotextile and 
stretched axially (elongation) under tensile force at micro-state at several temperatures, 
the empirical relationship developed through regression analysis of micro-tensile test data 
to relate the change in tensile strength to the variation in ambient temperature is given as 
follows: 

Т𝑚𝑎𝑥 (𝑀𝑃𝑎) =  −5.3817𝑥[𝑇(°𝐶)] + 503.27       (3) 

where, τmax : Tensile strength (MPa), T : Temperature (°C) 

3.8. Rupture Strength, τR 

The tensile stress versus axial strain curves showing force versus elongation response of 
the micro-fibers, regardless of ambient temperature tested, underwent a relatively short 
elastic deformation stage as compared to a much longer plastic deformation phase (Figures 
5 and 8). That is to say, almost all the fiber specimens experienced larger strains (axial 
elongations) prior to failure by progressing through all three main phases including elastic 
stage, transition zone, and plastic deformation (Figure 8), typical for elasto-plastic 
behavior, prior to exhibiting failure (break) that is called the rupture of the PP micro-fibers 
under tensional elongation. In the micro-scale tensile tests at various temperatures, the 
tensile force increased rapidly in a very sharp manner within very small axial strains 
during elastic stage, then, it remains almost constant during inelastic and irrecoverable 
deformation of the polymeric material after passing through yielding stage, consequently 
resulted in inelastic portions of the stress-strain curves being essentially parallel (Figures 
5 and 6). This shows that the sturdiness of the PP fibers maintained and sustained more or 
less same with a minor trivial strength loss after experiencing maximum tensile stress 
(tensile strength) as tensile elongation continued to larger axial strains. Similar to the 
tensile strength (τmax) that increased with decreasing temperature, the rupture strength 
(τR) increased with a decrease in temperature such that the higher rupture strength under 
tensional elongation has been measured at lower cold temperature conditions (Figure 
10b). 

A linearly increasing behavior was observed for which the empirical relationship attained 
based on the regression of intermittent experimental data is given in Equation 4 for the 
rupture strength (τR) as a function of temperature. A high coefficient of determination (CoD 
= 0.9836) obtained from the regression analysis in between the discontinuous test data 
and the resulting continuous regression line shows that the best correlation between 
rupture strength (τR) and temperature with a very good fit is the linear (1st order) 
relationship as follows:  

Т𝑅 (𝑀𝑃𝑎) =  −5.2581𝑥[𝑇(°𝐶)] + 502.11        (4) 

where, τR : Rupture strength (MPa), T : Temperature (°C) 
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Furthermore, Figure 10a presents the change of mean tensile strength – that is the average 
of the maximum tensile stress measured at every four replicate tests at each test 
temperature – with a variation in the ambient temperature. On the other hand, Figure 10b 
shows the change of mean rupture strength – that is the average of the tensile stress at 
failure or break of the micro-fibers measured at every four replicate tests at each test 
temperature – with a variation in the ambient temperature. Since, at each ambient 
temperature, the four replicate tests were performed to demonstrate similar response and 
consistent behavior which confirms the reproducibility of the tensile strength of the PP 
micro-fiber at every test temperature and the repeatability of the developed tensile stress 
– axial strain behavior for the tested fibers at micro-state. Furthermore, Figure 10b verifies 
that the PP micro-fibers exhibited elastic-perfectly-plastic response over the entire range 
of test temperatures as the tensile strength measured was very similar to the rupture 
strength at break at every micro-tensile tests. The onset of plastic deformation has been 
determined by analyzing the experimental data after ultimate yielding (Figure 8) in the 
tests based on variation in the measured values of tensile stress for the condition being 
within 5 percentile (5 %). Figures 6 and 8 were generated, accordingly, on this purpose to 
demonstrate a better illustration and definite borders in the plots between different test 
stages including elastic, elasto-plastic and plastic. 

 

 
(a) 

 
(b) 

Fig. 10 Tensile and Rupture Strength of the Micro-Fibers and Temperature: 

(a) Tensile Strength (τmax); (b) Rupture Strength (τR) 
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3.9. Amount of Plastic Strain, εp 

The PP micro-fibers exhibited higher values of modulus of resilience at colder temperature 
conditions while they displayed lower strains prior to yielding until elastic limit as well as, 
most importantly, lower extent of plastic strains (εp) before the rupture. This is attributed 
to the improvement of the stiffness properties of polymeric fiber with a decrease in the 
ambient temperature. Figure 11a shows the change in the value of plastic strain (εp) as a 
function of temperature. The polymeric fiber became more brittle and its capacity to 
sustain plastic deformation under tension diminished and experienced less permanent 
strains or plastic deformations by encountering the rupture – that is the occurrence of 
failure – at smaller tensile elongations at colder temperature conditions. A linearly 
decreasing behavior was observed for the plastic strain (εp) exhibited by the polymeric-
micro-fibers in the tests with a decrease in the ambient temperature. The empirical 
relationship obtained for the plastic strain as a function of temperature is given in Equation 
5 with a high value of coefficient of determination (CoD = 0.9932): 

𝜀𝑝 (%) =  0.21𝑥[𝑇(°𝐶)] + 64.88         (5) 

where, εp : Amount of plastic strain (%), T : Temperature (°C) 

3.10. Toughness, UT 

Toughness can be defined as the ability of a material to absorb energy and experience full 
range of deformation both elastically and plastically during tensional elongation without 
rupturing [3, 7, 8]. Therefore, toughness, in physical meaning, can describe the amount of 
total energy per unit volume that a material can absorb before rupturing, and hence, 
toughness can be a proper measure for a polymeric material (PP micro-fiber) at what 
degree (severity) it shows a resistance against rupture when stressed. As such, toughness 
requires a balance of strength and ductility such that a material should be capable of 
withstanding both high stresses and high strains. The PP micro-fibers are highly ductile 
with the majority of the tested fibers experiencing a large amount of plastic deformation 
before the failure (breaking). For example, some of the fibers were able to elongate up to a 
maximum strain of more than 120% that resulted in a high energy absorption level. This 
is attributed to greater toughness properties of the micro-fibers signifying how much 
energy capacity they have to absorb before rupturing that is relevant to durability and 
long-term performance, while their strength implies only how much load resistance 
capacity they have to support and sustain over lifetime prior to failure. Further, the energy 
ingested (consumed) until rupture (toughness) under tensile force and elongation is 
essentially irreversible due to typical nature of the force-elongation behavior of the micro-
fibers being predominantly plastic as opposed to resilience for which the energy absorbed 
is reversible such that the energy is released back upon unloading the material.   

For the tested PP micro-fibers at different ambient temperatures, toughness (UT) was 
determined by integrating the area under the stress-strain curves so as to find the total 
energy of mechanical deformation, including elastic, elasto-plastic and plastic, per unit 
volume under tensile elongation up to the point of failure that will extend the 
understanding for the ability of the PP fibers at cold temperature conditions in absorbing 
mechanical energy. Toughness for the micro-fibers increased linearly with decreasing 
temperature (Figure 11b). This verifies that the area under the tensile stress versus axial 
strain curve enlarges with a decrease in the ambient temperature. Among several different 
types of regression analyses such as linear, exponential, polynomial performed on the 
computed values of toughness at different temperatures, the linear regression provided 
the best correlation between toughness and temperature with a higher coefficient of 



Karademir / Research on Engineering Structures & Materials 7(1) (2021) 97-120 

 

116 

determination (CoD) of 0.9839 much closer to 1 (Figure 11b). Therefore, it is noted that 
tensile toughness for the PP micro-fibers is a function of ambient temperature such that 
the energy absorbed per unit volume of the fibers rises when the ambient temperature 
becomes colder. The resulted empirical relationship (Equation 6) between toughness and 
temperatures is as follows: 

𝑈𝑇  (𝐽 𝑚3⁄ ) =  −5𝑥106[𝑇(°𝐶)] + 4𝑥108         (6) 

where, UT : Toughness (J/m3), T : Temperature (°C) 

 
(a) 

 
(b) 

Fig. 11 Plastic Stage Mechanical Properties of the Micro-Fibers and Temperature: 

(a) Amount of Plastic Strain (εp); (b) Toughness (UT) 

 

4. Further Discussion on Experimental Findings 

Based on the experimental findings of the study, the micro-mechanical properties of the 
PP fibers do not remain constant within the range of cold temperatures (-10 °C < T < 20 
°C) encountered in typical infrastructural applications such that the ambient temperature 
change was found to be an important factor in affecting the polymeric fiber mechanical 
properties such as modulus, strength, toughness, ductility and most importantly, elastic 
(reversible) and plastic (irreversible) energy absorption of the micro-fibers under tensile 
elongation and their variation with ambient temperature. The amount of elastic energy 
absorption relative to the total magnitude of energy absorption (including elastic and 
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plastic) for the PP micro-fibers under tensile loading increases with decreasing 
temperature (Figure 12). This is attributed to the polymer characteristics of micro-fibers 
such that the resilience of the PP fibers at micro-state enhances as a result of a decrease in 
the ambient temperature. As such, the micro-fibers were able to absorb more energy while 
loaded under tensile elongation within the elastic limit without creating a permanent 
yielding before the transition zone – that is the elastic-to-plastic transformation – prior to 
exhibiting permanent deformations in plastic nature as seen from the stress versus strain 
envelopes (curves). As such, the amount of reversible energy during elastic elongation of 
the fibers under tensile force becomes greater as temperature decreases (Figure 12a) and 
this is associated with elastic properties of the PP micro-fibers becoming intensified 
(improved) at lower temperatures. 

Moreover, the amount of plastic energy absorption relative to the total magnitude of 
energy absorbed by the micro-fibers prior to rupture (break) under tensile elongation 
decreases with decreasing ambient temperature (Figure 12b). This shows that the PP 
fibers become less ductile and losing from their flexibility properties at colder 
temperatures resulting in observing ruptures – that is fiber breakage – at smaller 
elongations (i.e. strains) when subjected to tensile loads. This could influence the 
durability properties of the fibers, and hence, the survivability and longevity properties of 
the geotextile fabric sheets made from the PP micro-fibers tested in the study when 
employed in the field for infrastructural applications exposed to cold temperature 
conditions. Furthermore, the capacity of a material in terms of the capability for plastic 
energy absorption is associated with its compliance properties, whereas, the ability of a 
polymeric material regarding elastic energy absorption is related to its resilience 
properties. Therefore, the ductility versus brittleness properties of the PP micro-fibers 
such as their characteristics being ductile or brittle is strongly ambient temperature 
dependent at micro-state in light of the experimental findings (Figures 12a and 12b). 

Figure 12c shows that the ratio of plastic energy absorption with respect to elastic energy 
absorption decreases as the ambient temperature decreases from 21 °C down to -10 °C. In 
this perspective, it is noted that the PP micro-fibers become more resilient but less 
compliant due to a decrease in the ambient environmental temperature that should be 
considered by the design engineers in assessing the mechanical and durability properties 
of the geotextile fabrics at different ambient temperatures that is produced from these PP 
micro-fibers when employed in the infrastructural facilities subjected to varied 
environmental conditions including temperature. Additionally, the fiber strength can be 
considered as the major factor controlling geotextile micro-scale mechanical properties, 
and hence, its macro-scale mechanical response such as tensile strength being the primary 
function of a geotextile fabric sheets utilized in the civil engineering applications. To this 
end, the global (“macro-scale”) tensile response of nonwoven geotextiles, due to their 
fibrous inherent characteristics, is the summation of elastic elongations, inelastic (plastic) 
deformations in the micro-fibers as well as deformations due to the rearrangement of 
inherent internal structure including void space [12] which is not sensitive to temperature 
change [11, 13] in contrast to the elasto-plastic deformations of the polymeric micro-fibers 
under stress which is highly sensitive to the changes in the ambient conditions such as 
temperature as presented in the paper from the results of experimental program at micro-
state. Therefore, a contradictory response was observed for the micro-fibers extracted 
from geotextile fabric sheets when tested at the “micro-scale” level - reported in the paper 
- as opposed to the response inferred from tests at the “macro-scale” level - published 
earlier by Andrawes et al. [11]. This primarily results from fibrous geotextile inherent 
characteristics having different “micro-structure” and “macro-structure” properties. 

Moreover, the sudden change observed at a temperature of 0 °C to 5 °C is attributed to 
physico-chemical properties of the PP fibers such that the stretching of inter-atomic bonds 
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occurs when going through elastic elongation becomes lower as temperature decreases 
below 0 °C resulting in polymer molecular chains getting less straightened. On the other 
hand, as temperature increases above 5 °C, the relative displacement of molecules in the 
polymer takes place considerably during plastic deformation. For these reasons, there 
occurs a conversion in the behavior below 0 °C and above 5 °C such that at ambient 
temperatures particularly below 0 °C, the ratio of elastic energy absorption with respect 
to total energy absorption prior to rupture gets higher suddenly. On the other hand, at 
ambient temperatures particularly above 5 °C, the ratio of plastic energy absorption with 
respect to total energy absorption prior to rupture gets higher instantly. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 12 Comparison of Elastic and Plastic Energy Absorption of the Micro-Fibers and 
their Variation with Ambient Temperature: (a) Elastic/Total (%) vs. Temperature; (b) 

Plastic/Total (%) vs. Temperature; (c) Plastic/Elastic vs. Temperature 

5. Conclusions 

The micro-fibers are used to manufacture nonwoven geotextile fabrics. Despite this fact, 
the previous studies were generally interested in mechanical and durability properties of 
geotextile fabrics at macro-state (global-scale). However, this study has been intended to 
provide unique as well as innovative aspect and carried out particularly for investigating 
the micro-mechanical properties of the fibers at micro-state and exploring the 
experimental methodology for their extensive characterization in the laboratory. In light 
of the information and the supplementary discussions provided throughout the paper 
regarding the influence of mechanical properties of the polymeric micro-fibers on the 
observed temperature dependent tensile stress versus axial strain behavior, the micro-
mechanical response of the PP fibers were characterized by performing micro-scale 
mechanical tensile tests for which the testing method was adapted to a specialized 
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computer automated dynamic mechanical system called DMA. The results of the 
experimental program were used to determine the modulus of elasticity (E), modulus of 
resilience (UR), ultimate tensile strength (τmax), amount of plastic strain (εp), toughness 
(UT), rupture strength (τR) for the PP fibers extracted from NPNW geotextiles, and 
additionally, to investigate the variation of those important mechanical properties for a 
polymeric fiber with a decrease in the ambient temperature. Various test temperatures 
between -10 °C and 21 °C were chosen to simulate the cold temperature range expected in 
the field for infrastructural applications in which the geotextile fabric sheets produced 
from the PP micro-fibers are employed. 

The major impacts of cold temperatures on micro-mechanical properties of the polymeric 
fibers were the enhancement in ultimate tensile strength and the increase in material 
stiffness – due to molecular bonding strength of polymeric fibers – which resulted in the 
increment of amount of total energy absorbed (toughness) prior to rupture (failure) under 
tensile elongations. As such, the instantaneous temperature-dependent modulus for the 
range of test temperatures such as typical of geotechnical practice increased in a quadratic 
form showing that the PP micro-fibers at cooler temperatures are stiffer than that of at 
warmer ambient temperatures. Further, the enhancement of the PP fiber stiffness with 
decreasing temperature is attributed to the polymer material properties such that the 
polymeric fiber becomes harder and its capacity to sustain plastic deformation under 
tension is improved. The change in those mechanical properties of the PP micro-fibers is a 
function of ambient temperature variation. 

The PP fiber specimens experienced the same failure mode such that they exhibited 
significant ductility under tensile elongation within the entire range of test temperatures 
from -10 °C to 21 °C. Further, a similar trend for tensile stress versus axial strain response 
at all test temperatures was observed for the PP micro-fibers such that the tensile stress – 
axial strain curves have a nonlinear elasto-perfectly plastic form. The general pattern in 
stress-strain response of polypropylene fibers in the tension tests was visually portrayed 
in two segments: i) sharp increase to a maximum; then, ii) leveling off at higher strain levels 
such that the micro-fibers exhibited nearly constant resistances after yielding until they 
reached rupture at elongations between 100% and 120% axial strains. The elastic portion 
of the curves, before experiencing yield, develops with a relatively constant rate of change 
in tensile stress with respect to axial strain. Additionally, the resulting tensile stress versus 
axial strain curves for lower temperature tests are located on the upper part of the stress-
strain space compared with that of the higher temperature tests. This shows that the 
tension failure envelopes grew (enlarged) as the ambient temperature decreased 
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