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ABSTRACT

Advances in engineering is accompanied by exploring new applications of a material that
are devised after the material behavior is understood. Here we put effort on understanding the
behavior of one of the commercial elastomeric polymers, named polyurea, under different tensile
loading conditions to seen any possible structural applications. Standard test coupons of eight
different commercial polyurea available were cut out and tested under different tensile loading
conditions and their mechanical behavior was studied. Full stress-strain characteristic curves were
developed that could be used for constitutive modelling purpose of the material for its tensile
behavior. Wide range of properties from rigid and high strength nature to highly flexible and low
strength nature was observed from the test results. Observation low to high dependency behavior
for strength on the different loading rates for a polyurea indicates polyurea to be a viscoelastic
material. The high strength polyurea tested only showed slight rate dependency and good strength
retention under cyclic and fatigue tensile loading, suggesting that polyurea have promising
mechanical properties for potential structural applications. For further understanding the material
behavior standard tensile coupons of polyurea mixed with fibers were tested to investigate the
possible enhancement of polyurea mechanical properties. The tested coupons showed inconsistent
results and needed further study to know the effect on mechanical properties polyurea due to fiber

addition.
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CHAPTER 1. INTRODUCTION

1.1. Overview and Previous Studies

Older Structures tend to underperform for the present strength need because of factors such as
aging the structures, usage change and increase in the load demand for the structures. The complete
demolition and replacement of the structures to meet the current strength need is can be a high
investment of both the time and the money. So the retrofit and repair is an option is highly preferred
to reduce the cost and extend the service life of the structures. New materials and methods effective
for structural strengthening or retrofitting such as FRP, GFRP, steel plates [1] and jacketing [2],
have been developed with significant research and studies. These methods are highly common due
to their effectiveness but the high application cost and time has led to the motivation of this research

aiming to explore polyurea for structural strengthening purposes.

Polyurea is a type of elastomeric polymer formed of two components: polyamine and di-isocyanate
mixed at a suitable ratio undergoing polymerization reaction, as shown in Figure 1. The polyurea
forms a durable coating over surface and shows flexible nature due to its chain-type structure. The
strength and properties are highly dependent on the application process of the polyurea. It includes
three common steps: adequate cleaning the surface, suitable mixing of components, and spraying
of polyurea coating. Initially, a thorough cleaning of the surface to be coated is done to achieve
strong bond between the coating and the surface. A pneumatic spraying device automates the
proportionate mixing of the components at required temperature and pressure and the polyurea

formed is sprayed in different layers to assure proper coverage and curing [3].

Depending on its chemical composition, polyurea can offer application-based specific properties:
high stability against chemicals, environmental factors and mechanical forces for their application
in coating industry; resistance against abrasion for their application in industrial flooring and
parking lots; high-rate absorption and dissipation of energy for their applications toward blast

resistance and shock proofing.



...........

0 0
_R - . _ R l\ Suitable Temperatuze R iRL
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" ; n
Diisocyanate Polyamine Polyurea

Figure 1: Polyurea formation chemical reaction. R and R1 denote alkyl groups.

1.2. Previous Studies

Polyurea has been extensively studied as a blast and impact resistant material. In one study,
retrofitting masonry walls with polyurea resulted in improved blast performance of the walls[2].
Another study observed that polyurea-retrofitted masonry walls showed significant confinement
of masonry debris upon collapse, in addition to exhibiting improved out-of-plane loading capacity
and higher energy dissipation[3]. A range of studies have investigated polyurea as a reinforcing
agent in concrete[4], steel[5] and cementitious composites[6], providing encouraging results for

application of polyurea as blast-resistant retrofit.

While the literature provides extensive exploration of polyurea as blast-resistant retrofit, its
applications under normal loading conditions have not been widely investigated. Based on the
literature available, polyurea has been proven to show improved flexural and shear capacities.
Polyurea coated beams (6 mm) exhibited over 23% higher ultimate beam capacity in flexure[7].

In another study, 6 mm polyurea coated RC beams were observed to exhibit over 19% and over
11% higher flexural capacity in shorter and longer beams, respectively. The shear capacity in those

beams also increased by over 42% and over 28% in shorter and longer beams, respectively[8].

Similar trends were found in a different study where RC beams coated with two levels of polyurea
coating (2.5 mm and 5 mm) were investigated under monotonic as well as fatigue loading. In
addition to increased ductility, the flexural capacity in the coated beams increase by over 9% and
over 17% for 2.5 and 4 mm of polyurea coating, respectively[9]. More studies aimed at studying
the effects of polyurea coating also concluded that the use of polyurea can improve flexural

capacity, shear capacity as well as ductility of reinforced concrete beams[10]—[14].



1.3. Objectives

From the literature we observe a lack of information on full stress-strain relationships for the wide
range of readily and commercially available polyurea under different tensile loading scenarios such
as rate-dependent or cyclic loading and unloading. The availability of full stress-strain behavior is
a must for constitutive modeling, sectional analysis, and proposing design methods for repair and
retrofit structural applications. The main objective of this study is to understand and document the
full stress-strain tensile behavior under different loading scenarios of a wide range of polyurea with
varying strength and strain capacities. This research then can provide a characterization of different
types of commercial polyurea that can be used as first step on exploring the innovative structural
applications of elastomeric polymers. This research compares the tensile properties of commercial
polyurea. For this purpose, monotonic, rate-dependent, cyclic, and fatigue tests are performed on
a total of eight different types of commercial polyurea material coupons to evaluate and compare
their tensile behavior. Based on the test results, we provided recommendations on the promising
polyurea material with suitable mechanical properties for further research on structural

strengthening applications.

As a part of further attempt to strengthen the polyurea and aid to the potential structural properties
we explored the possibilities of getting higher strength with the polyurea by adding fibers to the

resin and understanding the behavioral changes.

1.4. Report Outline

This report consists of five chapters. The report starts with an introduction to polyurea material.
Furthermore, an overview of relevant literature is presented in Chapter 1. The material properties
of the polyurea are elaborated in Chapter 2. The test procedure, for different variation of the tensile
test is provided in Chapter 3. The comprehensive results and discussion of the tensile test results
is presented in Chapter 4. Finally, a summary of findings and conclusions is presented in Chapter

5.



CHAPTER 2. MATERIAL PROPERTIES

2.1. Polyurea Material

The project acquired eight different types of commercial polyurea materials for the study. The list
of polyurea materials with the commercial names, assigned material type, and the mechanical
characteristics according to the manufacturer datasheets are shown below in Table 1[15]-[21]. Gel
time is the time period in which polyurea becomes highly viscous and non-workable. Tack-free

time is the time taken for the surface of the polyurea material to be non-sticky.

Table 1: Properties of polyurea used in the study based on the manufacturer’s datasheet.

Material Rupture strength - " Gel Tack
ateria Commercial name MPa (psi) ongation . ¢ free time
type (S#) at rupture time
41.4 . . 10-12 .
AroStruct® with
S2 roSTHe N b n/a n/a n/a n/a
fibers
Bridge Deck 13.8 .
S3 Membrane (2000) >250% 10 sec 30 sec
Bridge Deck 13.8 . .
S4 Membrane Topcoat (2000) >250% 90 sec 2 min
15.2
S5 AquaVers™-405 (2200) >500% 25sec | 180 sec
8.9
S6 SL/75™ (1295) >406% 1 min 10 min
5543 . 15-20 60-90
S7 Nukote PP300 (8000500) 2+1% sec sec
26+2 . 5-15 30-45
S8 Nukote HTD (3550£250) 200-300 % sec sec

* The information on the properties of the material was not disclosed by the manufacturer.



CHAPTER 3. EXPERIMENTAL PROGRAM

3.1. Coupon Preparation and Test Setup

Polyurea sheets were cut using Die type I and IV (ASTM D638) to prepare the testing coupons.
For polyurea materials S3, S4, S5, S6 and S8, the coupons were manually cut using dies and Arbor
press as illustrated in Figure 2. Water jet cutting was performed to obtain coupons for materials
S1, S2 and S7 because of their brittleness. All the test coupons prepared for this study are shown

in Figure 3.

aino adl e Ballonih ik i iy ) et i e A ety e
ACE STEEL RULE DIES
v-GCELesA—Aﬂ Email gales@aoeseelvuleq-gignm
UNIV NEVADA RENO PO# H.EBRAHIMIAN
ASTM D-638 | | ACE#33780 3/29/21

ACE STEEL RULE DIES

1-609-654-4161 Email sales@acesteelruledies com
UNIV NEVADA RENO T PO# H.LEBRAHIMIAN

ASTM D-638 IV | ACE#33949 3/29121

(a) (b)
Figure 2: (a) Arbor press (left) (b) ASTM Standard Die 1 (top) and Die 4 (bottom)



Figure 3: Coupon samples of Polyurea materials (a)S1, (b)S2, (¢) S3, (d) S4, (e) S5, (f) S6, (g)
S7, and (h) S8.

The Instron® Universal Testing Machine was used for all tensile tests and the samples were loaded
with consistent grip spacing (Figure 4). The load and displacement data were recorded using inbuilt

transducers in the machine.



Figure 4: Test Setup (The figure shows a die type I coupon installed in the Instron Universal

Testing Machine).

3.2. Material tests

3.2.1. Monotonic Tensile Tests
Polyurea coupons of ASTM D638 die types I and IV were examined under uniaxial monotonic
tension test with ASTM-recommended loading rates. Test matrix and loading rates used for each

polyurea material with the average thickness and number of coupons tested are shown in Table 2.



Table 2: Test matrix, loading rates, polyurea coupon thickness, and number of coupons tested.

. ) Loading rates used | Average coupon | Number of coupons tested
Material | Die | 00 /min (in/min) thickness mm
type types (in) Die type | Die type IV
S1 5(0.197) 4 2
S2 >08(0.2) 6 (0.236) 4 2
S3 2 (0.079) 2 4
S4 2 (0.079) 2 4
LIV 254 (10)
S5 2 (0.079) 2 4
S6 4 (0.157) 4 2
S7 5.08 (0.2) 2.5 (0.098) 2 4
S8 254 (10) 2 (0.079) 2 4
3.2.2. Rate Dependent Tensile Tests

The polyurea coupons were examined using three different loading rates. The loading rates were
designed keeping in consideration the effects of vehicular impacts and seismic loading on
structures. Strain rates for such impacts were obtained from the literature [22] and mathematically
(Eq. 1) analyzed with grip spacing in the instrument to decide the loading rates. The coupons used,
test setup, and test procedure were like the tensile test. Table 3 shows the test matrix for the

ratedependent tensile tests.

Loading Rate (in.min-1) = Strain Rate (min-1) * Grip Spacing (in) (Eq- 1)
Table 3: Test matrix for the rate-dependent test.
Loading rates used | Average coupon | Number of coupons tested
Material | Die | mm/min (in/min) thickness mm

type types (in) Die type I Die type IV

S1 5(0.197) 2 2

S2 5.08 (0.2) 6 (0.236) 2 2

L1V 254 (10)
S3 508 (20) 2 (0.079) 2 2
S4 2 (0.079) 2 2




S5 2 (0.079) 2 2

S6 4 (0.157) 2 2

S7 2.5 (0.098) 2 2

S8 2 (0.079) 2 2
3.2.3. Cyclic Tensile Test

Materials S1 and S7 were investigated under cyclic tensile loading with a loading rate of
5.08mm/min. Other testing protocols were same as in the case of tensile test. Best on the results
from the tensile testing, the coupons were extended twice to maximum strain levels after loading
in the machine. Three coupons for each polyurea material were tested under cyclic tensile loading

with a loading pattern as shown in Figure 5.

100 . T I

e’
o
T
I

T T T T

Strain(%)
o

b2
o
T

(') | | |
0 200 400 600 800 1000 1200

Time(s)
Figure 5: Loading pattern for cyclic test.

3.2.4. Tensile Fatigue Test

Die type I coupons of each S1 and S7 material were tested for tensile fatigue loading. The fatigue
load used in this test is 70% and 90% of the average peak loading from the tensile tests. The
samples were loaded either up to 150 cycles or until the failure for each fatigue load case. The test
setup was like the tensile test setup. The loading rate used was 50.8 mm/min (2 in/min) for all

polyurea coupons.



3.3. Polyurea mixed with fiber

Five fiber variation were mixed with polyurea and tested to check whether any behavioral changes
could be observed or not. As the isocyanate side of polyurea is reactive to moisture we added Fiber
(1% by volume) into the polyamine component before adding the diisocyanate component to get
polyurea mixed with fiber. Sheets of polyurea mixed with fibers were prepared by manual
handmixing inside a chemical fume hood. Table 4 shows the properties of the fiber used. Table 4:
Properties of fiber used as per manufacturer

SN | Fiber Material Fiber notation Length (mm) Density (gm/cm3)
1 3 0.91
7 PPSTD-015NRR G 0.01
Polypropylene
3 6 0.91
PPSTD-030NRR
4 12 0.91
5 Polyethylene PEUHM-020NLH 6.3 0.97

The polyurea used in this study was Nukote JFHM with a slow reaction time, allowing for mixing

fiber to the polyurea by hand mixing. Table 5 shows the properties of the polyurea used.

Table 5: Properties of Nukote JF-HM from manufacturer datasheet

. Rupture strength Elongation at . Tack free
Commercial name MPa (psi) rupture Gel time time
8-12 40-45
Nukote JFHM 12-15 (1800-2200) 550%-650% . .
mins mins

ASTM D638 Die Type IV coupons were cut out from the sheets in random orientations to account
for variation in dispersion of fibers in the mix using a steel die and a manual arbor press. Due to
the quick reaction time of the polyurea and the highly viscous nature of the raw components,
getting a uniform mix of fibers and the polyurea components was an issue in sample preparation
that need to be addressed in future attempts. Uniaxial monotonic tension tests were performed for
ASTM D638 die type IV polyurea coupons. Loading rates for the coupons were evaluated based
on the ASTM recommendation. Figure 6 shows the poured sheets of polyurea with fiber in molds,

sheets of the polyurea with fibers and cut out coupons for tensile testing.

10



(a) ©
Figure 6: (a) Polyurea mixed with fiber poured into flat sheet (b) Polyurea sheets indicating

random site sampling for coupons (c) ASTM D638 Type IV Die cut-out coupons

11



CHAPTER 4. TEST RESULTS AND DISCUSSION

4.1. Introduction

This chapter includes the test results obtained from the tests performed in this study on all material

types.

4.1.1. Individual Tensile Behavior of Different Polyurea

Stress-strain values were extrapolated from the load and displacement data gained from the Instron.
Engineering stress and strain values were obtained by dividing load values by the coupon’s cross
sectional area and by dividing the extension values by the original grip spacing, respectively.

Averaged values for tensile stress-strain are plotted and illustrated in Figure 7.

12
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Figure 7: Stress-strain curves of (a) S1, (b) S2, (¢) S3, (d) S4, (e) S5, (f) S6, (g) S7, and (h) S8
material for ASTM D638 Die Type I and Die Type IV coupons for monotonic tensile loading.
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Table 6 summarizes the yield strength, elongation, and ultimate strength of different polyurea. The

yield strength is calculated using the 0.2% strain offset method [23]. The slope of the linear portion

of the stress-strain curve is calculated to obtain the initial stiffness of the polyurea material.

Table 6: Tensile tests results summary for eight different tested commercial polyureas.

0.2% offset .. .
Pol ASTM ield Initial Rupture Strain at
n?ai,:rl;:l? D638 die q tl?;ng th Stiffness strength rupture
. . 0
type MPa (ksi) MPa (ksi) MPa (ksi) (%)
Die Typel | 27.7 (4.02) 1903 (276) | 43.4 (6.29) 4.09
S1 Die Type IV
28.5 (4.14) 2013 (292) | 40.1 (5.81) 2.99
Die Typel | 52.5(7.61) 3199 (464) | 60.7 (8.80) 2.29
S2 Die Type IV
e pe 54.6(7.92) | 3454(501) | 57.9 (8.40) 1.92
Die Typel | 6.0 (0.87) 110 (16) 19.3 (2.79) >339%
S3 Die Type IV
e pe 6.1 (0.88) 110 (16) 17.9 (2.59) >216*
Die Typel | 4.3 (0.63) 110 (16) 15.9 (2.30) >331%
S4 Die Type IV
4.6 (0.66) 103 (15) 15.9 (2.30) >339%
Die TypeI | 2.8 (0.41) 48 (7) 11.7 (1.70) >376%
S5 Die Type IV
2.5 (0.36) 48 (7) 12.4 (1.80) >084%*
Die Typel | 1.0 (0.15) 14 (2) 6.6 (0.96) >074%
S6 Die Type IV
e ype 1.1(0.16) 14 (2) 7.6 (1.10) 048
Die TypeI | 25.65(3.72) | 1689 (245) | 36.34 (5.27) 4.03
S7 Die Type IV
23.99 (3.48) | 1827 (265) | 39.44(5.72) 3.51
S8 Die Typel | 10.5(1.53) 310 (45) 23.9 (3.46) 179
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Die Type IV
9.8 (1.42) 296 (43) 21.9(3.17) 137

* The strain at rupture values for S3, S4, S5, and S6 material are approximate as the grip
slippage occurred before the coupons ruptured.

4.1.2. Comparison Of Tensile Behavior Of Different Polyurea

The tests showed that the materials S1, S2 and S7 registered higher ultimate stress values than the
rest. It is noteworthy, however, that the material S1, S2 and S7 only underwent less than 4%
elongation, while others underwent over 100% elongation. Stress-strain curves obtained from

monotonic testing are combined and presented in Figure 8.

Figure 8(a) and Figure 8(c) show a comparison for the high-strength polyureas S1, S2, and S7
polyureas, while Figure 8(b) and Figure 8(d) compares the low-strength polyureas S3, S4, S5, S6,
and S8 polyurea for die type I and IV, respectively.
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Figure 8: Comparison of monotonic tensile stress-strain curves of (a) ASTM die type I coupons
of S1, S2, and S7 material (b) ASTM die type I coupons of S3, S4, S5, S6, and S8 material (c)
ASTM die type IV coupons of S1, S2, and S7 material (d) ASTM die type IV.

Among the materials tested, the maximum tensile strength was observed in material S2 with 43.4
MPa, while material S6 exhibited the lowest strength with 6.6 MPa of tensile strength. While
strongest, material S2 exhibits the lowest ductility with a maximum strain of only 1.92%. Similarly,
while weakest, material S5 exhibits the highest ductility with a maximum strain of 376%. A trend
of ductility loss with increased strength and initial stiffness can be seen in the comparative results
of tested commercial polyurea. It was observed that the presence of glass fibers to the polyurea
mix helped increase the strength but provided lower ductility as the Die Type 1 S2 material showed
1.4 times higher strength than material S1, but showed only 1.92% strain at rupture compared

against 2.99% strain at rupture in S1.

4.1.3. Rate Dependent Behavior of Different Polyurea

Results from rate-dependent tests are shown in Figures 9 and 10. For material S3, S4, S5 and S6,
the testing encountered grip slippage and extended testing times, and hence the tests were
terminated at an elongation of 2 in with a loading rate of 0.2 in/mm. The projection for higher

elongation are represented in dotted lines.
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Figure 9: Average stress-strain curves for ASTM

die type I coupons of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6, (g) S7, and (h) S8 material
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The rate dependency in all materials, except S2, toward their strength is direct in nature as an
increase in rate of loading yields increased strength in materials. This behavior is more prominent
in materials S3, S4, S5, S6 and S8 than S1 and S7 as the latter have higher stiffness. No conclusive
rate dependency was observed in material S2 which may be because of increased stiffness in

material provided by the glass fibers in the mix.

4.1.4. Cyclic Tensile Behavior of the Selected Polyureas
Only materials S1 and S7 were investigated for cyclic and fatigue loading as they showed the most
promising mechanical properties during monotonic and rate-dependent tensile tests. Average

stress-strain curves obtained from the cyclic tests on these materials are shown Figure 11.
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Figure 11: Average stress-strain curve for the cyclic tensile test of (a) S1 and (b) S7 material.

The reloading curve is overlapped by the unloading curve for first three cycles of loading. The
curves separate and undergo plastic deformation after the coupons yield. The nonlinear behavior
of the materials is evident by the gradual decrease in unloading stiffness. The backbone trend from
this test closely follows the stress-strain profile from tensile tests. As the materials enter nonlinear
phase, they exhibit a slight decrease in strength. The results provide suitability of these materials

for structural application.

4.1.5. Tensile Fatigue Behavior of the Selected Polyureas

The materials selected for cycling loading, S1 and S7, were also tested under tensile fatigue
loading. Termination protocols were designed to either reach failure or complete 150 cycles under
70% and 90% of the maximum load values gathered from tension test results. Both materials

survived 150 cycles under 70% maximum load, however both S1 coupons reached failure at 90%
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maximum load at their 11" and 48" cycle, while both S7 coupons completed 150 cycles for 90%
maximum load as well. The tensile fatigue loading results are plotted and shown in Figures 12 and

13.
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Figure 12: Stress-strain curve for tensile fatigue testing of S1 material with (a) 70% of the max
load for sample 1 (b) 90% of the max load for sample 1 (c) 70% of the max load for sample 2
(d) 90% of the max load for sample 2.

The slope of the stress-strain curve in both, S1 and S7, materials is observed to change only slightly
and only a slight plastic deformation is detected each cycle. However, the plastic deformations
accumulate over every cycle which warrants a future study dedicated at studying fatigue load

behavior in these materials.
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Figure 13: Stress-strain curve for fatigue testing of S7 material with (a) 70% of the max load
for sample 1 (b) 90% of the max load for sample 1 (c) 70% of the max load for sample 2 (d)
90% load for sample 2.

4.1.6. Monotonic tension test results for fiber mix polyurea

The data from Instron was mathematically analyzed in the same fashion as in the case of tensile

loading to get engineering stress and strain information. Average stress-strain plot is generated and

shown in Figure 14. Adding fibers in the polyurea mix causes a decline in the ultimate strain as

observed from Figure 14(a) but provides a small increase in capacity and stiffness. The pursuit of

better base material that can allow enhanced mechanical properties when mixed with fibers is still

needed.
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Figure 14: Tensile test results for polyurea mixed with different types of fibers showing stress-

strain up to (a) maximum strain (b) 20% strain.
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CHAPTERS. CONCLUSIONS

Stress-strain behavior of various commercial polyurea were tested using different loading
techniques, including monotonic, rate-dependent, cyclic and fatigue loading. Tensile testing
showed that these polyurea material have a tensile strength range between 6.62 MPa and 43.4 MPa.
The range of variation for ultimate strain is wide and is found between 2.99% to over 376%.
Ratedependency test shows insignificant rate-dependent behavior in materials S1, S2 and S7, but
show that in other materials, increase in loading rate increases ultimate strength but decreases
ductility. Materials S1 and S7 were chosen for cyclic tests because of their results in previous
testing. These materials showed only a small decline in strength under repeated cyclic loading,

showing their strong mechanical properties and suitability for structural applications.

Results for the fiber and polyurea mix exhibit inconsistent results which could be because of the
small volume of fibers as well as possibility of human error while manual hand-mixing. A refined

test plan dedicated to tackling these inconsistencies is proposed for future testing.
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