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� PU resins were prepared from the rapid reaction between PKO-p and MDI in the presence of PEG as the plasticizer.
� The uniaxial tensile characteristics under loading and unloading conditions and the cyclic softening behavior were examined.
� PUs are highly strain rate dependent and exhibits stress–strain non-linearity.
� The mechanical response of PUs can be described as hyper-viscoelastic.
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a b s t r a c t

Elastomeric polymers, such as polyurethane (PU), are being used in novel applications to enhance the
load-carrying capacity, ductility, and the survivability of structures under dynamic loading. The mechan-
ical response of elastomeric materials is highly rate and pressure dependent, and exhibits stress-strain
non-linearity. The objective of the current study is to identify the effect of the strain rate on the uniaxial
tensile behavior of elastomeric PU. To this end, four types of PUs differing in their plasticizer content were
used. The uniaxial tensile characteristics under loading and unloading conditions and the cyclic softening
behavior were examined under varying strain rate regimes (ranging from 0.001 s�1 to 0.33 s�1). The
experimental results showed that the stress-strain behavior of all PUs is non-linear and rate dependent.
Young’s module, yield stress, tangent module, ultimate tensile stress, failure stress, failure strain, resili-
ence module, toughness module and residual strain of PU6 at 0.33 s�1 are 0.37–4.13 times compared to
the values at 0.001 s�1. It also exhibits hysteresis and cyclic softening. Increasing strain rates resulted in a
dramatic transition in behavior from rubbery to leathery for all PUs. This behavior was described as pos-
itive strain-rate dependence. The behavior of PUs was defined as hyper-viscoelastic material.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Elastomeric polymers, such as polyurethane (PU) and polyurea,
have extensive engineering applications in numerous industries,
such as the building, vehicle, and infrastructure industries, the lat-
ter of which includes underground structures, marine construc-
tion. [1,2]. These materials are considered promising because of
their high toughness-to-density ratio and their capability to resist
large elastic deformations. Large strain recovery under a wide
range of loading, including quasi-static to impact make these
materials well suitable for the structures that are subject to vary-
ing loads [2–4]. In addition to their high structural capacity, energy
absorption and dissipation capacity, these materials provide supe-
rior resistance against severe environmental conditions [1].
Recently, these elastomeric polymers were used in applications
involving high strain rates, such as mechanical capacitors, the
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Fig. 1. Schematic scheme of segment arrangement in a polyurethane elastomer
(HS, hard segment; SS, soft segment) [31].
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wet-skid resistance of tire treads, and acoustic damping [2,3,5–8].
Also, several studies have demonstrated the potential of these
polymer coatings as retrofitting and strengthening material in sev-
eral types of structural materials and systems, on masonry struc-
tures [9,10], metallic structures [11–15], composite structural
systems [5,16,17], and reinforced concrete structures [18,19] to
enhance the resistance of structures against impact or blast load-
ings. These elastomeric polymers dissipate energy via two major
mechanisms, i.e., their viscoelastic behavior and the pressure-
and strain-induced transition from the rubbery to glassy state,
which makes them well-suited for the aforementioned applica-
tions [5,20]. In this study, a series of experimental investigations
was undertaken to analyze the feasibility of bio-based PU elas-
tomers, which were synthesized (solution casting process) as coat-
ings for structural strengthening application in enhancing the
resistance of reinforced concrete structures against impact or blast
loading. The mechanical responses of brittle concrete shows rela-
tively low failure strain under dynamic condition, hence strain
energy is dominant [19,21]. The PU coating behaves as an addi-
tional membrane attached to concrete surface of the structural ele-
ment when the load is applied. In addition, PU resin wet the
concrete surface effectively and penetrate through the porous
structure within the concrete due to its low viscosity, and allow
contact with the uneven concrete surface. This in turn will enhance
the toughness, strain capacities, and overall ductility of structural
members such as slabs and beams. [3,19,21]. When ductile PU
coating is applied onto the load-receiving face with respect to
impact, load and pressure will have to pass through the PU layer
before reaching the concrete element. A portion of the energy is
absorbed and dissipated through its elastic plastic deformation
before being transferred to the concrete element. The coating is
applied on the compression side; hence, the stiffness of PU signif-
icantly increases compared with that under tension, thereby sub-
sequently increasing the amount of absorbed energy. When PU
coating is applied onto the rear-face, loads and pressure will have
pass through the concrete element before reaching the PU coating;
part of this energy is transferred to the PU, thereby compressing it,
increasing stiffness of the concrete, and subsequently, increasing
the amount of the absorbed energy. Then, the loads and pressure
pass through the PU layer and are reflected on it free face as tensile
release waves, thereby significantly decreasing the shear stiffness of
the PU, and concurrently, substantially increasing its dissipative
capability as a result of its viscoelasticity [3,14,19,21,22]. Thereby
minimizing the incidents of debris flying away upon impact and
resulting in casualties [3,19,21]. In addition, the use of elastomeric
polymers provides better solutions than conventional and advanced
techniques; hence, it is cost-effective (low capital cost and low
resource consumption) and applicable to existing structures.

PU is a product of the rapid reaction of a monomer featuring at
least two isocyanate functional groups with another monomer that
contains at least two alcohol groups [2,3]. The resulting PU is a
copolymer that contains alternate sequences of soft segments
(SS) and hard segments (HS), and these domains are intercon-
nected by main valence chains (Fig. 1) [23–28]. Generally, two
types of dispersed HS morphologies are present: fibrillar domains
(in which the domain axes are the same as the polymer chain axes)
and lamellar domains (in which the domain axes are at right angles
to the polymer chain axes) (Fig. 1). These HS domains link the lin-
ear polymer chains in both directions, forming a cross-linked net-
work that governs the elastic properties [28]. In addition, these
elastomers are cross-linked by secondary valence bonding within
the domains, such as hydrogen bonding (with adjacent molecules
via urethane –NH–CO–O– linkages), dipole interactions and van
der Waals interactions [25]. Although the dissociation energy of
secondary valence interactions is weaker than that of the main
valence bond by one or two orders of magnitude, they increase
crosslinking, control the segment mobility and provide high ther-
mal and mechanical stability compared with the stability of con-
ventional cross-links with only main valence bonding [25].
Thermodynamic incompatibility due to the low glass transition
temperature (below ambient) of SS and the significantly higher
glass transition temperature (above ambient) of HS caused by rigid
aromatic molecules are responsible for phase separation in these
domains. Specifically, the HS segments are in a glassy state,
whereas the SS segments are in a rubbery state at ambient condi-
tions. The dissimilar characteristics of these segments result in
broad variations in their properties, and dramatic variations in
properties can be obtained by altering the ratios of HS and SS in
PU. In addition to chemical interactions, phase separation due to
the physical arrangement of the molecules significantly affects
the mechanical properties. To achieve required elastomeric perfor-
mance in respective applications, the ratio of SS and HS must be
tightly controlled [29]. However, the mechanical properties of
PUs are not only influenced by the chemical interaction and molec-
ular structure. The properties of PU elastomers also strongly
depend on many other factors, including temperature, pressure,
and the applied loading rate. Elastomeric polymers, which are sub-
ject to high strain rates above the ductile-to-brittle transition, may
fail radially in a brittle manner under these conditions [30]. Hence,
the non-linear, rate dependent and inelastic/plastic behavior con-
stitute a major challenge in the selection of a suitable material
for applications under varying loading conditions, and investigat-
ing the behavior of these materials over wide strain rates to simu-
late quasi-static and dynamic loading conditions is consequently of
high importance.

The quasi-static behavior of PU elastomer has been character-
ized in several studies [23,24,40,32–39]. Although elastomers can
be linearly viscoelastic at large strains, using Boltzmann super-
positioning theory to deduce the properties at intermediate to high
strains based on quasi-static values is not appropriate [41]. Fur-
thermore, the mechanical performance of elastomers under essen-
tially quasi-static conditions can be evaluated using several
specifications and procedures, but standard test methods to
evaluate their dynamic response are scarce because maintaining
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homogeneous strain at higher strain rates is difficult. Various
instruments have been utilized to evaluate the dynamic response
of elastomeric materials, such as the universal test machine
[42,43], the high speed impact or drop hammer testing system
[44], the Hopkinson bar testing system [6,7,52,41,45–51], a special
video-controlled tensile testing system [53], various servo-
hydraulic testing systems [54,55], the screw drive mechanical tes-
ter, the Taylor impact tester [44,56] the Dynamic-Tensile-
Extrusion tester [30] and other types of modified high speed test
configurations [57,58]. Qi and Boyce [35] studied the uniaxial com-
pression behavior of thermoplastic PU under varying strain rates
(0.01, 0.05, 0.1 s�1), and highly rate dependent stress–strain behav-
ior was observed. Stress enhancement was observed as the strain
rate increased, and the unloading curves were less dependent on
the rate than the load curves. Yi et al. [45] studied the viscoelastic
tensile behavior of three types of PUs using the split Hopkinson
pressure bar (SHPB) system and stated that the PUs displayed a
highly non-linear stress-strain relationship with significant hys-
teresis and rate dependency. Sarva et al. [46] systematically stud-
ied the compressive stress-strain behavior of a PU and a polyurea
at strain rates ranging from 10-3 s�1 to 104 s�1. A Zwick screw drive
mechanical tester was used for low to moderate (10-3–10-1 s�1)
strain rates, an enhanced servo-hydraulic axial testing machine
(MTS 810) was used for moderate to intermediate (1–102 s�1) strain
rates, and two SHPB configurations were utilized for higher (102–
104 s�1) strain rates during the compression testing. Recently, Fan
et al. [6,7,59] investigated tensile characteristics at high strain rates
(2700 s�1), and the strain rate dependency (600–3800 s�1) of a soft
PU elastomeric polymer material using a split Hopkinson tension bar
(SHTB) setup. Castro et al. (2005) studied the tensile behavior of PU
resin, by undertaking tensile test up to failure and tests with
loading-unloading-reloading cycles in order to quantify elastoplastic
behavior of the material. Properties were investigated at different
displacement rate of 0.5, and 5, mm/min and the findings indicated
that the PU exhibit a ductile (highly non-linear) behavior and can be
categorized as a stiff adhesive [60]. Liao et al. [55] investigated the
viscoelasticity behavior of transparent PU under varying strain rates
(1–102 s�1) and at temperatures of �40 �C to 40 �C using a servo-
hydraulic high-speed tensile machine. The Digital Image Correlation
technique was adopted to measure all strains and strain rates in
both quasi-static and dynamic tests. The experimental results
showed that tensile stress–strain curves and failure behaviors are
significantly temperature and strain rate dependent [55].

Additionally, elastomeric materials display dissimilar mechani-
cal characteristics in tension and compression under both quasi-
static and dynamic loading conditions. However, several methods
have been adopted to gain insight into the dynamic response of
the tested structures and materials; most investigations focused
on the compression behavior, whereas fewer studies examined
tensile characteristics because the mechanisms available for study-
ing the tensile response of these materials and structures are lim-
ited. Apparently, these studies do not provide insight into the rate
dependency of the modulus, energy absorption behavior, and frac-
ture mechanics of PUs at varying strain rate conditions, behavior
under cyclic loading. These gaps have been addressed in this study
where the uniaxial tensile behavior of four types of bio-based elas-
tomeric PUs were investigated under varying strain rates (0.001–
0.33 s�1) using a hydraulic universal testing machine.
Table 1
Compositions of PUs samples.

Sample Soft segments Hard segment

PKO-p (w/w) PEG (w/w) MDI (w/w)

PU2 100 2 80
PU4 100 4 80
PU6 100 6 80
PU8 100 8 80
2. Experimental program

2.1. Materials

Palm-based polyol (PKO-p) [61,62] was supplied by the Polymer
Research Centre (PORCE) of the Universiti Kebangsaan Malaysia.
4,4-diphenylmethane diisocyanate (MDI) was obtained from Cos-
mopolyurethane Sdn. Bhd., Malaysia. Acetone (industrial grade)
and polyethylene glycol (PEG: Mw 200 Da) were purchased from
Sigma Aldrich (M) Sdn. Bhd., Malaysia.
2.2. Preparations of the PU elastomers

Four types of PU resins were prepared from the rapid reaction
between PKO-p and MDI in the presence of PEG as the plasticizer
via a solution casting technique; acetone served as a solvent in
the pre-polymerization technique. These PUs were labeled PU2,
PU4, PU6 and PU8 (PU6 indicates the PU that contained 6% w/w
of PEG with respect to PKO-p content). The composition each PU
was changed to vary the soft segment content, which enhanced
the toughness by altering the content of plasticizer over a narrow
range [29]. Table 1 lists the composition of each PU in this paper.
PU resins were prepared as pre-cast sheets with a thickness of
approximately 3 mm. Clear yellowish and bubble-free PU sheets
were obtained and conditioned at ambient temperature for further
characterization. Average densities of PUs showed only a small
deviation from one another (1071.5–1079.3), and the average den-
sity is 1075 kg/m3 for all types of PUs.
2.3. Dynamic tensile test configuration and procedure

The four types of PUs were tested under constant strain uniaxial
tension using an Instron model 5566 testing machine and displace-
ment (engineering strain rate) controlled conditions at different
strain rates (different crosshead speeds were used to attain differ-
ent strain rates) [Fig. 2(b)]. For the tensile testing, dumbbell-
shaped specimens (Die C) were cut from the cured pre-cast PU
sheets as specified in ASTM D 412: Method-A [Fig. 2(a)]. Each spec-
imen was cut in the same direction in the pre-cast sheet to avoid
the influence of anisotropy or grain directionality resulting from
the direction of flow during preparation and processing. Because
elastomeric materials are extremely sensitive to clamping pres-
sure, all specimens were automatically clamped to the grips and
tested at ambient conditions with uniform strain rates of 0.001,
0.005, 0.001, 0.05, 0.1, and 0.33 s�1 (the maximum grip velocity
of the machine was 500 mm/min, which corresponds to a strain
rate of 0.33 s�1 for the test specimens used). The actuator displace-
ment was controlled by a computer using the Blue Hill ver. 2.5
software. Testing was carried out with three different conditions:
until sample rupture to investigate the full scale behavior until
their failure, 0.3 maximum strain and unloading to investigate
the loading unloading behavior, and 5 load-unload cycles with
0.3 maximum strain to investigate the cyclic softening behavior
(only for PU6).

Several precautions were taken to ensure the accuracy of the
results. During the specimen selection, specimens with longer
gauge section were used where the length of the arc section is
small compared to the gauge length. In addition, the width of the
gauge was selected to be smaller (by 24%) than the end section,
which resulted the actual deformation to occur in the gauge sec-
tion. These provide low additional deformation outside the gauge



Fig. 2. The: (a) Tensile test specimens (Dimensions of specimens in mm); (b) Uniaxial tensile test setup; and (c) Tested specimen.
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section and improve precision of the elongation measurement. The
gauge length was marked in each specimen prior to the test and
the failure location was checked after the test (Fig. 2(c)). Two other
lines were drawn where the specimen was gripped, and those lines
were checked after the test to ensure no considerable slippage at
the grips of the test machine. Only the specimens which satisfied
these conditions were selected for further analysis to investigate
the properties. For each cases, a minimum ten samples were
tested. The authors acknowledge that even after using careful mea-
suring technique, this method can induce some minor inaccuracies
in strain measurements, and duly acknowledge this limitation.
2.4. Data collection

The testing system acquired data (time, load, and deflection)
using Blue Hill v2.5. Strain histories were obtained by converting
the recorded displacement time histories. Correspondingly, stress
histories were obtained based on the force time histories. The
stress–strain relationships of each specimen were obtained from
their individual time histories, and several uniaxial tensile proper-
ties of interest were computed from the obtained stress-strain data
3. Experimental results and discussion

In the following sections, the experimental findings are detailed
and discussed. The locations of necking and failure were observed
during the testing to ensure that they were within the gauge
region, and only samples in which these failures occurred within
the gage region were used for further analysis.

3.1. Tensile characteristics

The engineering stress and strain were calculated using the ini-
tial cross-sectional area, and the engineering stress-strain relation-
ships were subsequently used to generate the true stress-strain
plots. The true stress (Eq. (1)) and true strain (Eq. (2)) were calcu-
lated based on the instantaneous cross-sectional area, where true
strain is the natural logarithm of the ratio of instantaneous length
to initial length, and the instantaneous cross-sectional area was
calculated by assuming PUs are bulk and nearly incompressible.

rT ¼ rE 1þ eEð Þ ð1Þ

eT ¼ ln 1þ eEð Þ ð2Þ
where rE and eE are the engineering stress and engineering strain,
respectively, and rT and eT are the true (Cauchy) stress and true
(Hencky) strain, respectively.

The plots of strain rate vs. strain of PU6 for varying strain rates
are shown in Fig. 3, and these plots are representative of those of
the other PUs. The technical strain rate remained almost constant
throughout the test for strain rates from 0.001 s�1 to 0.1 s�1 (see
Fig. 3(a)). The initial region of the curve for a strain rate of
0.33 s�1 shows a small deviation at the beginning of the test
because the specimens required � 0.04 s to reach dynamic equilib-
rium, which corresponds to a strain of 0.33 s�1 for all PUs. There-
fore the initial stiffness region of these curves of 0.33 s�1 strain



Fig. 3. The strain rate-strain curves of PU6 at varying strain rates; (a) Engineering,
(b) True.

Fig. 4. The stress-strain curves of PU2 at varying strain rates; (a) Engineering, (b)
True.
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level, may not provide accurate data for nearly up to 0.04 s. How-
ever, all strain level tested produced a gradual decrease in the true
strain rate due to the reduction in the actual cross sectional area
over time (Fig. 3(b)). Non-linear stress–strain behavior was
observed for all PUs, and the tensile responses (engineering and
true stress–strain relationship) of PU2, PU4, PU6 and PU8 are
shown in Figs. 4–7, respectively, for varying strain rates (0.001–
0.33 s�1). All PUs exhibited the behavior of a typical viscoelastic
material in both their engineering and true stress-strain responses.
The stress–strain behavior under varying strain rates displayed
strong hysteresis behavior during loading for all PUs. This behavior
is further supported by the outcomes shown in Figs. 8–12, which
plot Young’s modulus, yield stress, tangent modulus, ultimate ten-
sile stress, and the stress and strain at failure as a function of the
strain rate. Figs. 13–16 plot the tensile strain energy responses
and their characteristics, explicitly, the cumulative strain energy
density, the modulus of resilience and the modulus of toughness
and their ratios at varying strain rates. In each case, representative
tensile characteristics were evaluated using the experimental data,
and the average value was calculated by taking the mean of five
sets of tests based on the engineering stress-strain relationship.

During uniaxial tension, the SS domains of elastomeric PU facil-
itate the stress transfer to the adjacent HS domains [28]. Both the
engineering and true stress-strain curves show a linear elastic
region in the initial response for each case. The initial modulus sig-
nificantly depended on the rate, and the results demonstrate a dra-
matic transition in the stiffness over the strain rate regimes tested:
leathery behavior increased, and rubbery behavior persisted at
high strain rates. This fact is consistent with the well-known effect
of the strain rate on elastomers, i.e., the stiffness of an elastomer
directly correlates with the strain rate. Several other researchers
have observed similar phenomena [32,41,42,45–47,54]. Young’s
modulus is known to be governed by the strain rate, as illustrated
in all PUs shown in Fig. 8 and Table 2, and this parameter signifi-
cantly increased as the strain rate increased over the tested range
for all four PUs. This phenomenon may have arisen because the
time for re-aligning the molecular orientation towards a uniaxial
direction was insufficient, which resulted in a dramatic stiffening
effect. PU2, which featured the highest hard segment content (low-
est plasticizer content), exhibited the highest initial stiffness
(Young’s modulus) for all strain regimes, and this value inversely
correlated with the plasticizer (SS) content. Generally, the SS seg-
ments deform, whereas HS segments tend to resist changes in
shape [63]. Additionally, the HS domains behave as crosslinking
volumes with high functionality while simultaneously acting as a
filler [25]. In general, crosslinking stability depends more on the
stability of the HS domains and less on the contribution of the SS
domain [25]. For high contents of HS, such as in PU2, the degree
of crosslinking in the HS phase will be increased. Therefore, this
high content of HS better retains its original shape, which conse-
quently increases the stiffness during the deformation [63]. By
extrapolating this nearly linear relationship to high strain rate
conditions, such as strain rates exceeding 10 s�1, it is possible to



Fig. 5. The stress-strain curves of PU4 at varying strain rates; (a) Engineering, (b)
True.

Fig. 6. The stress-strain curves of PU6 at varying strain rates; (a) Engineering, (b)
True.
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estimate Young’s modulus for these PUs to show that high strains
further increase this parameter.

After the linear stress–strain region, which showed substantial
stress and elongation, the PUs began to yield, as shown in Figs. 4–
7 for all strain conditions. In the stress-strain relationship which
were obtained, a clear yield point is not apparent Therefore, proof
stress at 0.5% strain has been obtained instead of yield stress (this
is an approach that is similar to that adopted for most other ductile
materials that do not show a proper yield point) [64]. Fig. 9 plots
the relationship between the yield stresses over the tested strain
rate regimes for low to intermediate strain rates. Over the tested
range, the yield stress significantly increased almost linearly as a
function of the logarithm of the strain rate for increasing strain
rates (Table 3). However, the yield strains are nearly comparable
over this range of strain rates. Specifically, the yield stress also
showed variations similar to that of Young’s modulus. PU2 exhib-
ited the highest yield stress for all strain levels because it was stif-
fer than the other materials due to its high HS content.

The two types of HS domain morphologies (fibrillar and lamel-
lar) differently influence the deformation mechanism of these
materials. The long SS in the polymer chains are random coils,
and the resultant matrix can be defined as a continuum. Initially,
the HS domains will be orientated due to the stress transformation,
and they tend to align their long axes in the stretching direction by
rotating [25,28]. The deformation pathways of the HS domains
depend on their physical properties and morphology. For the fibril-
lar morphology, the domains easily orient along the direction of
chain extension because the long axis of the domain is same as
the chain direction. In the lamellar morphology, the HS domain
begins to rotate in order to align in the stretching direction because
the long axis of the HS domain is perpendicular to the chain axis.
The rotation of the lamellae in the HS domain dominates during
the initial stage of deformation due to the low stresses, and the
lamellar HS domain may break into smaller fragments or be
destroyed due to stress transfer at higher strain conditions [28].

Generally, a change in the two-phase structure began at strains
beyond yield point due to the breakdown of crosslinks and the
fragmentation of the original hard domains into several smaller
units, which resulted in permanent deformation of the material
[63]. Bonart [25] suggested that the plastic deformation is caused
by the sliding of HS domains relative to their adjacent domains
within the hard domains (molecular chain scission or disentangle-
ment) and the reduction of crosslinks per unit volume. Enderle
et al. [26] attributed the phenomenon to two possible causes: the
sliding of segments, which may result in irreversible deformation
and consequent residual strain, and sliding, which may result in
the stripping of segments from the hard domains and form a
new soft matrix within the hard domains. All tested PUs displayed
a brief period of yielding that resulted in inelastic deformation over
all tested strain rates. Specifically, the tangent modulus signified
the behavior of materials at stresses beyond their offset yield point.



Fig. 7. The stress-strain curves of PU8 at varying strain rates; (a) Engineering, (b)
True.

Fig. 8. The Young’s modulus at varying strain rates.

Fig. 9. The yield stress at varying strain rates.

Fig. 10. The tangent modulus at varying strain rates.

Fig. 11. Ultimate tensile stress at varying strain rates.
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Fig. 10 and Table 4 show the tangent modulus of PUs for varying
strain conditions obtained in this study. For all PUs, the strain rate
influenced the tangent modulus, and this relationship was gener-



Fig. 12. (a) Failure stress, (b) Failure strain of PUs at varying strain rates.

Fig. 13. Cumulative strain energy density vs. strain curves of PUs at varying strain
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ally inverse. PU2, which contained the lowest level of plasticizer
(SS), showed a rapid reduction in the tangent modulus over the
tested strain rates compared with other PUs. PU2 showed a nega-
tive value for strain rates higher than the 0.01 s�1, and PU4 dis-
played a negative value for the 0.33 s�1 condition only. In other
words, PU2 and PU4 have undergone strain softening behavior
under these strain conditions. PU6 and PU8 displayed strain hard-
ening for all strain rates tested in this study. Ductility increased
from PU2 to PU8 due to the increase in the soft segment content.
This trend was consistent with the change from strain hardening
behavior to strain softening when the strain rate increased, which
is caused by a decrease in the alignment of PU chains along the
direction of elongation and by a loss of elasticity. Consequently,
significant degradation and a reduction in crosslinks per unit vol-
ume were observed, which reduced the strain hardening behavior
due to the rapid change in molecular structure when strain rate is
increased. According to this relationship, the tangent moduli of
these PUs likely further decreased at high strain rates, and PU6
and PU8 may have shown strain softening behavior at high strain
rates. Specifically, all PUs yielded over a wide range of strains.
Although all PUs underwent permanent deformation, they
remained capable of withstanding further loads before their ulti-
mate failure.
rates; (a) PU2, (b) PU4, (c) PU6, (d) PU8.



Fig. 14. The resilience modulus of PUs at varying strain rates.

Fig. 15. The toughness modulus of PUs at varying strain rates.

Fig. 16. The Ut/Ur ratio of PUs at varying strain rates.
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Fig. 11 and Table 5 show the rate-dependence of the ultimate
tensile stress as the ultimate tensile stress vs. the strain rate for
the stresses evaluated at different strain levels for all PUs. Due to
strain softening, PU2 reached its ultimate tensile stress after the
elastic limit and before undergoing strain softening for strain rates
exceeding 0.01 s�1. The same behavior was observed for the ulti-
mate tensile stress of PU4 at a strain rate of 0.33 s�1. For all other
strains, PU2 and PU4 reached their ultimate tensile stress just
before their failure. PU6 and PU8 exhibited ultimate tensile stress
just before failure over the strain rates tested in this study. For all
tested strain levels, the ultimate tensile stress of all PUs clearly
increased due to the increase in stiffness with increasing strain
rates. Although PU2 exhibited the highest modulus at all strain
levels, PU2 exhibited the lowest ultimate tensile value among all
PUs at a strain rate of 0.001 s�1 due to the low strain-hardening
behavior (low tangent modulus) and the low failure strain com-
pared with other materials. However, PU2 exhibited the highest
value among the four PUs for strain rates exceeding 0.1 s�1 because
it was stiffer than the other PUs. Increasing the strain rates from
0.001 s�1 and 0.33 s�1 increased the ultimate tensile stress by fac-
tors of 3.6, 2.1, 2.1 and 1.9 for PU2, PU4, PU6, and PU8, respectively.
This relationship at low to intermediate strain rates indicated that
the ultimate tensile value will be further enhanced under high
strain conditions.

Ductile materials are often used as strengthening and retrofit-
ting materials for dynamic loading applications because they can
absorb the energy or shock imparted by these loads. Additionally,
ductile materials will usually show signs of deformation before
failure when they are overloaded. In general, the conditions at
the failure of any material, such as the failure stress and failure
strain, are key characteristics that define its ductility. When a poly-
mer experiences high loads, its microstructure experiences high
concentrations of local stress, and the microstructurally weak
regions (microstructural defects) begin to deform and form
micro-scale ridges and voids within the microstructure. Due to
molecular chain disentanglement, the coalescence of these ridges
creates a linear distortion region with discrete voids. Consequently,
these discrete voids grow, and webs are formed between the voids.
As the above process propagates, the voids continue to grow, and
the connections between voids create enlarged voids. When the
sizes of enlarged void become critical, a crack is formed, which
induces the failure of the polymer [6].

In all cases, a single break point was observed. As expected from
the viscoelastic behavior of these materials, the failure stress
increased and the failure strain decreased as the strain rate
increased. A comparison of the failure stress to the strain rate
[Fig. 12(a) and Table 6] shows trends in the failure stress attained
for a given strain rate similar to those obtained in the ultimate ten-
sile stress. In a comparison of the failure stress among the four PUs,
PU4 showed the highest value for all tested strain levels due to its
moderate stiffness and strain hardening characteristics in contrast
to the high stiffness of PU2 and better strain hardening of PU6 and
PU8. For strains rates higher than 0.05 s�1, increases in the failure
stress were slightly larger than those observed for strain rates
ranging from 0.001 s�1 to 0.01 s�1. As indicated earlier, this differ-
ence might have been due to reduced molecular alignment induced
by stiffening at higher strain levels. The failure strains at different
strain levels are plotted in Fig. 12(b) and listed in Table 7. Because
these materials stiffened as the strain rates increased, a dramatic
reduction in the failure strain was observed. This behavior was typ-
ical of viscoelastic materials, which tend to fail at higher stresses
but lower strains when the strain rate is increased. The same trend
was observed by Roland et al. [41], who investigated the uniaxial
tensile behavior of elastomeric polyurea. For all strain rate levels,
the failure strain directly correlated with the plasticizer content
and increased from PU2 to PU8. Specifically, the addition of plasti-
cizer lengthened the SS segments in the polymer chain, which
increases the mobility of the molecular structure of the material
and consequently reduces its stiffness.



Table 2
Summary of Young’s module values and variations.

Strain rate (s�1) Young’s modules (MPa)

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 35.8 2.5 29.0 1.9 22.6 1.6 7.3 1.2
0.005 52.0 1.5 36.3 4.2 30.8 3.0 11.7 2.1
0.01 66.2 2.3 44.1 1.7 35.1 1.9 25.6 0.8
0.05 85.8 3.6 64.0 1.4 55.7 2.1 40.0 5.9
0.1 102.5 3.2 85.8 3.6 71.8 4.9 56.4 4.2
0.33 130.7 1.8 117.2 8.0 93.4 4.8 74.5 4.1

Table 3
Summary of yield stress values and variations.

Strain rate (s�1) Yield stress (MPa)

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 3.8 0.1 3.5 0.2 2.9 0.2 0.9 0.2
0.005 5.4 0.3 4.6 0.1 4.0 0.1 1.4 0.2
0.01 6.8 0.2 5.2 0.3 4.6 0.2 3.0 0.3
0.05 8.6 0.4 7.8 0.3 7.4 0.3 4.4 0.2
0.1 10.1 0.2 9.7 0.8 8.7 0.5 6.2 0.2
0.33 13.6 0.2 12.8 0.7 11.0 1.0 7.2 0.2

Table 4
Summary of tangent module values and variations.

Strain rate (s�1) Tangent modulus (MPa)

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 0.68 0.07 1.53 0.07 1.69 0.11 2.32 0.04
0.005 0.63 0.14 2.18 0.14 1.55 0.09 2.27 0.06
0.01 �1.15 0.42 2.07 0.18 1.49 0.15 2.08 0.23
0.05 �3.25 0.29 1.51 0.06 1.55 0.17 1.94 0.04
0.1 �3.43 0.38 0.89 0.87 1.47 0.75 1.85 0.17
0.33 �6.94 0.27 �1.33 0.56 0.63 0.55 1.74 0.15

Table 5
Summary of ultimate tensile stress values and variations.

Strain rate (s�1) Ultimate Tensile Stress (MPa)

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 4.6 0.2 6.4 0.1 6.7 0.4 5.9 0.3
0.005 6.3 0.2 7.8 0.1 7.2 0.3 6.2 0.3
0.01 7.7 0.3 8.4 0.3 7.7 0.3 7.3 0.5
0.05 10.0 0.2 10.1 0.2 9.8 0.7 8.2 0.3
0.1 11.9 0.5 11.9 0.4 11.3 0.7 10.0 0.4
0.33 16.3 0.5 15.8 0.3 13.9 0.1 11.2 0.4

Table 6
Summary of failure stress values and variations.

Strain rate (s�1) Failure stress (MPa)

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 4.6 0.2 5.7 0.1 6.0 0.4 5.0 0.4
0.005 6.0 0.2 7.2 0.2 6.6 0.3 5.3 0.2
0.01 6.4 0.4 7.8 0.3 7.3 0.3 6.4 0.7
0.05 6.8 0.5 9.4 0.3 9.1 0.7 7.6 0.3
0.1 9.5 0.3 11.2 0.4 11.0 0.7 9.4 0.3
0.33 12.9 0.5 14.5 0.2 13.3 0.1 10.9 0.3
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Table 7
Summary of failure strain values and it variations.

Strain rate (s�1) Failure strain

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 1.49 0.03 1.57 0.07 2.19 0.01 2.28 0.06
0.005 1.32 0.03 1.44 0.06 2.02 0.07 2.09 0.02
0.01 1.16 0.06 1.36 0.08 1.86 0.05 1.94 0.04
0.05 1.01 0.09 1.10 0.07 1.50 0.05 1.59 0.02
0.1 0.83 0.04 1.00 0.07 1.27 0.01 1.36 0.03
0.33 0.62 0.03 0.84 0.05 1.04 0.04 1.22 0.11
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3.2. Strain energy

The ability of a material to absorb and dissipate energy are key
characteristics to be considered when selecting a material for
strengthening or retrofitting applications that are subjected to
dynamic loads. When a force acts on a material as it deforms, the
applied load is stored as strain energy throughout its volume,
which results in elastic and plastic deformations within the mate-
rial. In practice, numerous methods have been used to quantify the
energy absorption and dissipation capacities of materials. How-
ever, the strain energy is frequently used as a measure of these
capabilities of an elastomeric material, and it is defined as the
internally stored energy within a material due to a change in its
original shape [65]. The strain energy density is defined as the
strain energy per unit volume and calculated by computing the
area beneath the stress-strain curve. The cumulative strain energy
densities vs. the engineering strains for varying strain rate levels
Table 8
Summary of resilience module values and variations.

Strain rate (s�1) Resilience modules

PU2 PU4

Avg. Stdv. Avg.

0.001 0.23 0.01 0.25
0.005 0.30 0.03 0.37
0.01 0.38 0.02 0.39
0.05 0.47 0.03 0.60
0.1 0.54 0.02 0.70
0.33 0.62 0.01 1.07

Table 9
Summary of toughness module values and variations.

Strain rate (s�1) Toughness modules

PU2 PU4

Avg. Stdv. Avg.

0.001 6.08 0.22 8.03
0.005 7.60 0.13 8.88
0.01 7.66 0.25 9.24
0.05 8.09 0.75 9.60
0.1 8.34 0.62 10.64
0.33 8.44 0.58 11.99

Table 10
Summary of Ut/Ur ratio values and variations.

Strain rate (s�1) Ut/Ur

PU2 PU4

Avg. Stdv. Avg.

0.001 27.0 2.3 31.8
0.005 25.5 2.3 23.8
0.01 20.2 0.8 23.7
0.05 17.0 1.8 16.1
0.1 15.4 0.9 15.3
0.33 13.6 0.8 11.2
are shown in Fig. 13. The strain energy density of PUs strongly
depended on the rate, i.e., they absorbed higher energy at lower
strains in the higher strain rate regime. Over the tested strain rate
regimes, the cumulative strain energy density linearly increased
with the strain after their yield point for PU2, PU4 and PU6.
Although the cumulative strain energy density of PU8 linearly
increased at higher strain levels, this increase deviated from linear-
ity at lower strains due to its strain hardening behavior.

In the initial linear region (up to the proportionality limit) of the
stress-strain plots, the resulting distortion caused by the applied
loads was not accompanied by energy dissipation. The resilience
modulus (Ur) is defined as the strain energy density in response
to the elastic deformation of the material [65]. Explicitly, it can
be defined as the maximum energy that can be absorbed per unit
volume of the material without undergoing permanent deforma-
tion or damage. Specifically, the energy absorbed up to the propor-
tionality limit dissipates throughout the unloading of the applied
PU6 PU8

Stdv. Avg. Stdv. Avg. Stdv.

0.02 0.22 0.03 0.07 0.02
0.05 0.32 0.02 0.10 0.02
0.05 0.34 0.02 0.22 0.04
0.05 0.63 0.09 0.30 0.02
0.12 0.69 0.16 0.45 0.01
0.10 0.75 0.13 0.41 0.02

PU6 PU8

Stdv. Avg. Stdv. Avg. Stdv.

0.33 9.99 0.85 7.19 0.58
0.28 11.07 0.43 7.83 0.41
0.63 11.69 1.08 9.87 0.42
0.69 12.52 0.28 9.61 0.38
0.72 12.68 0.56 11.25 0.40
0.73 13.12 0.55 11.81 1.35

PU6 PU8

Stdv. Avg. Stdv. Avg. Stdv.

4.1 44.5 8.1 101.4 18.4
2.7 34.4 3.1 59.2 15.5
3.3 33.9 3.9 44.9 10.1
1.5 20.0 3.3 32.3 3.0
3.4 18.4 3.2 24.8 1.4
1.6 17.4 2.7 29.0 3.7



Fig. 17. The loading and unloading engineering stress-strain curves of PUs at
varying strain rates; (a) PU2, (b) PU4, (c) PU6, (d) PU8.
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loads. The Ur was calculated by integrating the area underneath
the stress-strain plot from zero to its proportionality limit.
Fig. 14 and Table 8 compare the Ur of PUs under low to intermedi-
ate strain rate regimes. Fig. 14 and Table 8 show that increasing the
strain rate significantly affected the Ur, producing a dramatic
increase in the logarithm of the strain rate. Generally, PU4 exhib-
ited the highest Ur value of all the PUs.

The toughness modulus (Ut) of a material signifies its ability to
absorb energy via its elastic and plastic deformation without crack-
ing or fracturing. In another way, the Ut is defined as the strain
energy density of a material immediately before failure and is com-
puted by integrating the area underneath the stress–strain curve
until failure [65]. Fig. 15 and Table 9 compare the Ut over the
tested strain rates for low to intermediate strains. Over the tested
regimes, the Ut gradually increased as a function of the logarithm
of the strain rate for increasing strain rates. As illustrated by the
graphs, PU6 showed the highest Ut value for all strain rate levels.

The data show that Ut values of the PUs were significantly
higher than that of the counterpart in the elastic region. Fig. 16
and Table 10 show the ratios of the Ut to the Ur of the PUs evalu-
ated in this study, which ranged from 10 to 100. This outcome con-
firms that PUs can absorb a substantial amount of energy, even if
they experience plastic deformation. This characteristic is impera-
tive for strengthening or retrofitting materials that will be used for
applications under dynamic loads. Furthermore, these findings are
consistent with the objectives of the current study, that is, to
develop a material for strengthening of structures subject to blast
and impact loading conditions. These materials absorb a consider-
able amount of energy and would not fail abruptly after yielding,
unlike most brittle construction materials, such as masonry, con-
crete and ceramics. Although the Ur and Ut directly correlated with
the strain rate, the Ut/Ur ratio decreased for all PUs due to the
decrease in their failure strain. According to the data, PU8 showed
the highest ratio for all strain levels due to its higher failure strain
and low stiffness compared to the other materials. Although the
differences in their ratios are large at low strain levels, the ratios
are much closer in value at higher strain levels. Taken together,
all the tensile characteristics indicate that the PUs can be defined
as hyper-viscoelastic material.

3.3. Unloading behavior

Majority of dynamic loadings are multi-cyclic, materials
undergo both loading and unloading conditions consequently.
Therefore both loading and unloading behavior of these materials
are highly important. Here, the loading and unloading stress–strain
behaviors of four types of PUs were observed for varying strain
rates. Specifically, loads up to 0.3 strain were applied, and unload-
ing was accomplished at the same strain rate. The unloading engi-
neering stress–strain behavior of all four PUs is highly non-linear
compared with the loading, as shown in Fig. 17. Over the tested
strain rate regimes, the unloading stress–strain behavior of each
PU sample exhibited hysteresis during loading. The stiffness of
PUs strongly depended on strain and dramatically increased for
low to intermediate range strain rates, and the materials transi-
tioned from rubbery to leathery behavior as the strain rate
increased, similar to the phenomenon observed during loading.
All PUs exhibited residual strain after an applied strain of 0.3 for
all tested strain levels. The residual strains of PUs at different strain
levels are shown in Fig. 18 and Table 11 for comparison. Over the
tested strain rate regimes, the residual strain of all PUs displayed
rate sensitivity, as evidenced by the small but dramatic increase
as the strain rate increased. This phenomenon arose because PUs
do not have sufficient time to re-align their polymer chains when
the strain rate increases. Additionally, PU2, which contained low-
est levels of SS, exhibited the highest residual strains, and this



Fig. 18. The residual strain of PUs at varying strain rates.

Table 11
Summary of residual values and it variations.

Strain rate
(s�1)

Residual Strain

PU2 PU4 PU6 PU8

Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Stdv.

0.001 0.138 0.011 0.118 0.006 0.103 0.009 0.078 0.005
0.005 0.143 0.009 0.125 0.008 0.111 0.007 0.087 0.005
0.01 0.150 0.010 0.129 0.006 0.119 0.009 0.102 0.008
0.05 0.158 0.012 0.137 0.011 0.126 0.005 0.102 0.006
0.1 0.162 0.007 0.141 0.013 0.127 0.007 0.110 0.007
0.33 0.178 0.007 0.150 0.010 0.142 0.009 0.119 0.005
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residual strain inversely correlated with the content of SS, decreas-
ing from PU2 to PU8.
Fig. 19. The cyclic softening engineering stress-strain curves of PU6 at varying
strain rates; (a) 0.001 s�1, (b) 0.01 s�1, (c) 0.1 s�1.
3.4. Cyclic softening

Elastomeric materials exhibit cyclic softening behavior due to
the breakdown and reorganization of segregated hard segments
in response to strain. Because PU6 was shown the best co-
relation for a strengthening material for dynamic applications,
the cyclic softening behavior of only PU6 was examined to limit
the scope of the study. In order to understand the effect of the
strain rate on the softening behavior, each PU6 specimen was sub-
jected to 5 consecutive loading–unloading-reloading cycles with a
maximum strain of 0.3 for three strain rates, 0.001, 0.01 and
0.1 s�1. No dwell time was allowed as the strain direction was
changed. Fig. 19 plots the uniaxial tensile stress-strain behavior
during cyclic tests for the strain rates mentioned above. The
obtained data were used to obtain the stress softening behavior,
which was computed from the stress at the maximum strain
(0.3) for each cycle and is expressed as the relative stress softening
(rn�), i.e., the ratio of the stresses at the maximum strain (0.3) of
nth cycle (r1) to the stress at the maximum strain (0.3) of the first
cycle (rn). Different measures of the specific work input (W) were
computed by integrating the stress-strain curve up to the maxi-
mum strain. The difference between the loading and unloading
strain–stress path shows the dissipated energy or the hysteresis
loss and was computed by integrating both loading and unloading
stress-strain curves [27]. The first cycle work input (W1) was com-
puted by integrating the first loading up to 0.3 strain, and the first
cycle hysteresis (DW1) was calculated by integrating the first load-
ing and unloading curve up to its residual strain. Subsequent cycle
work inputs (Wn; n = 2, 3, 4, and 5) were obtained by integrating
each stress–strain curve up to 0.3 and subsequent cycle hystereses
(DWn; n = 2, 3, 4, and 5) were computed by integrating the respec-
tive loading-unloading curve. When comparing the behavior under
different strain conditions, the work outputs and cycle hysteresis
were expressed in various ways, such as the relative hysteresis,
DWn* (hysteresis/work input), relative work input compared to



Table 12
Tensile test results of PU6 for different loading/unloading cycles to nominal strain of 0.3., and nominal strain rate 0.001 s�1.

Cycle no (n) rn(Nm�2) rn� Wn (MJm�3) DWn (MJm�3) DWn* Wn/1* DWn/1*

1 3.70 – 0.81 0.64 0.78 – –
2 3.50 0.95 0.52 0.38 0.73 0.63 0.59
3 3.40 0.92 0.45 0.32 0.71 0.53 0.50
4 3.32 0.90 0.42 0.30 0.70 0.52 0.46
5 3.25 0.88 0.40 0.28 0.70 0.49 0.44

Table 13
Tensile test results of PU6 for different loading/unloading cycles to nominal strain of 0.3., and nominal strain rate 0.01 s�1.

Cycle no (n) rn(Nm�2) rn� Wn (MJm�3) DWn (MJm�3) DWn* Wn/1 * DWn/1*

1 5.51 – 1.27 1.01 0.80 – –
2 5.08 0.92 0.72 0.51 0.71 0.57 0.51
3 4.85 0.88 0.61 0.43 0.70 0.48 0.43
4 4.72 0.86 0.56 0.39 0.70 0.44 0.39
5 4.60 0.83 0.52 0.36 0.69 0.41 0.36

Table 14
Tensile test results of PU6 for different loading/unloading cycles to nominal strain of 0.3., and nominal strain rate 0.1 s�1.

Cycle no (n) rn (Nm�2) rn� Wn (MJm�3) DWn (MJm�3) DWn* Wn/1* DWn/1*

1 9.99 – 2.30 1.83 0.80 – –
2 8.75 0.88 0.95 0.60 0.62 0.42 0.33
3 8.53 0.85 0.85 0.52 0.61 0.37 0.28
4 8.29 0.83 0.78 0.48 0.61 0.34 0.26
5 8.11 8.31 0.74 0.45 0.60 0.32 0.24
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the first cycle work input Wn/1* (work input/ first cycle work
input), relative hysteresis compared to the first cycle work input
DWn/1* (hysteresis/first cycle hysteresis). The computed values
for strains of 0.001, 0.01, and 0.1 s�1 are tabulated in Table 12,
13 and 14, respectively.

More compliant behavior was observed in the reloading
stress–strain curves compared to the initial loading behavior
due to the partial breakdown and transformation of hard seg-
ments into soft segment, which results in material softening.
PU6 exhibited the Mullins effect, for which the first loading is
associated with higher stiffness and hysteresis. The initial loading
changes the microstructure when the strain exceeds the elastic
limit, such that following loads inside the previous deformation
envelope are associated with lower stiffness and hysteresis than
the initial load because the microstructure of PU changes during
each subsequent cycle. As stated above, this new microstructure
formed due to the stripping and fragmentation of HS in the hard
phase, which then combines with the soft phase [19]. Accordingly,
the stress-strain path of re-loading more closely follows the pre-
vious unloading path compared with the first loading path. In
addition, although PU6 significantly softened during the first
few cycles, the cycles did not exhibit noticeable differences in
the unloading paths. Hence, the unloading stress-strain behavior
of PU6 does not significantly depend on the deformation history.
Moreover, Tables 12–14 clearly show that the relative stress soft-
ening directly correlated with the strain rate and that the relative
hysteresis loss converges to a specific value for all strain levels
tested. The stress-strain curves tend to stabilize on a fixed trajec-
tory after a few loading and unloading cycles, and the same
behavior was observed by Qi and Boyce [35] in their studies.
Additionally, Bartolomé et al. [27] reported that the stress soften-
ing mechanism and its stability depend on the maximum strain
reached and the HS and SS contents. The relative hysteresis loss
depended on the deformation state tested (Tables 12–14); partic-
ularly, the relative hysteresis loss directly correlated with the
strain rate over the studied range.
Fig. 19 shows the direct relationship between the residual strain
and the cycle number and the stability of the residual strain after
first cycle for each strain rate. Consequently, the residual strain
rapidly converged at lower strain rates. Conversely, the literature
reports relative stress softening, and the relative residual strains
also depend on the maximum strain reached and generally
increase with the maximum strain [27]. At the 0.1 s�1 strain level,
initial compression stress was observed after first cycle of loading.
This phenomenon may be due to the insufficient time to release
the residual strain caused compression stress until the material
reaches the original length plus the residual strain during reload-
ing. To study the degree of strain recovery of PU6, the gauge
lengths of deformed specimens were re-measured 1 day after test-
ing to measure the permanent strain. The residual strains recov-
ered due to long-term effects, and the same observations were
obtained by Blundell et al. [63] and Qi and Boyce [35] for several
PUs. Large strain recovery under a wide range of loading, including
quasi-static to impact (under varying strain rates) make the PU fea-
sible for coating on concrete to enhance the flexural capacity and
resistance against under varying loads including dynamic loadings.
4. Conclusions

This work investigated the uniaxial tensile behavior of four
types of PUs with varying soft segment ratios under low to
intermediate strain rate regimes (0.001–0.33 s�1). This nonlinear
and rate dependent behavior was investigated by focusing on
material parameters such as tensile characteristics, strain energy,
unloading behavior, and cyclic softening. A dramatic transition in
behavior from rubbery to leathery was observed in response to
increasing strain rates for all PUs. Young’s modulus, the yield
stress, the maximum tensile stress, the failure stress, and the
resilience and toughness moduli directly correlated with the
strain rate, whereas the tangent modulus and failure strain
inversely correlated with the strain rate. Among the four tested
PUs, PU2 (with 2% of plasticizer with respect to the weight of
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polyol) exhibited high stiffness but low toughness, and PU8
(with 8% of plasticizer with respect to the weight of polyol)
exhibited high toughness but low stiffness. The observed
increase in the strain energy density as the strain rate increased
suggests that these materials absorb more energy under dynamic
loads. PU6 exhibited desirable stiffness and toughness qualities
together with the best energy absorption characteristics over
the tested regimes based on the Ut value, making it acceptable
as a strengthening or retrofitting material for dynamic applica-
tions, including blast and ballistic applications. The stoichiome-
try strongly influenced the mechanical response of PU due to
the complex interplay of crosslinking, the content of soft and
hard segments, the degree of phase separation, and hydrogen-
bond formation. In this study, slight changes in the chemistry
of PU due to changes in the SS content (plasticizer content chan-
ged by 2–8%) produced large changes in the mechanical
response. Specifically, Young’s modulus and yield stress inversely
correlated with the content of SS, whereas the failure strain
directly correlated with the content of SS. These results high-
lighted the necessity of controlling the stoichiometry of PU to
attain desirable properties suitable for dynamic applications.
The behavior of PUs can be defined as hyper-viscoelastic
material.

The unloading engineering stress–strain behavior of all four PUs
was highly non-linear compared with the loading behavior. Over
the tested strain rate regimes, the residual strain of all PUs exhib-
ited rate sensitivity, as evidenced by the small dramatic increase in
response to an increasing strain rate. PU8, which featured the low-
est soft segment content, exhibited the highest residual strains,
and the residual strain decreased as the SS content increased from
PU2 to PU8. Among the four PUs tested, PU 6 (with 6% of plasticizer
with respect to the weight of polyol) showed the best performance
under overall tensile characteristics.

PU6 exhibited the Mullins effect, showing softening during the
first cycles of loading that became insignificant in subsequent
cycles. In addition, although PU6 significantly softened during
the first few cycles, differences in the unloading paths were not
observed between cycles. Hence, the unloading stress-strain
behavior of PUs was not significantly dependent on the deforma-
tion history. The softening was more significant for higher strain
levels than for lower strain levels. Moreover, the stress-strain
curves tended to stabilize on a fixed trajectory after a few cycles
of loading and unloading, and the residual strain also stabilized
after the first cycle for each strain level.

The findings of this study suggest that bio-based PU elastomer
may be applied effectively as a protective coating material for
strengthening concrete structures under blast and impact loadings.
This will enhance flexural capacity of concrete structures, which
results in higher resistance against aforementioned impact loads
and control damage sustained by the reduction of the crushing
and fragmentation of reinforced concrete structures. PU6 has the
highest potential to be used as strengthening material in concrete
considering its overall behavior, dynamic tensile properties, energy
absorption and dissipation abilities, unloading and strain recovery
abilities, and cyclic softening behavior.
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