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" A low modulus polyurea coating was sprayed under field conditions.
" Lightweight concrete and high-performance cementitious composite materials were used.
" Flexure tests were conducted on plates constructed with three different mixes.
" The addition of PVA fibers and the polyurea coating increased the flexural strength.
" The polyurea coating allows the plates to sustain higher strains.
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a b s t r a c t

Polyurea is a polymeric material that can be used to provide environmental protection and structural
enhancement. In this study, a low modulus polyurea coating, having high elongation and energy absorp-
tion capacities and a fast gel time, was sprayed under field conditions onto the surfaces of cementitious
materials. Compression tests were conducted to establish the wet–dry performance of uncoated and cir-
cumferentially coated cylinders fabricated from a high-performance matrix constructed with Poly(vinyl
butyral) (PVB) as the only aggregate. Results showed that the coating increased the compressive strength
of specimens exposed to both fresh and sea water environments. Similar results were obtained when a
lightweight matrix containing sand was subjected to the same sea water environment. Flexure tests were
conducted on uncoated and fully encapsulated plates kept under normal operating conditions to estab-
lish the stress–strain behavior of these two matrices, as well as a PVB matrix with Poly(vinyl alcohol)
(PVA) fibers added as reinforcement. Results showed that the addition of the fibers and the coating
increased the ultimate flexural strength, decreased the stiffness, allowed the structure to sustain higher
strains prior to failure, and increased the fracture toughness. Comparisons are made between the perfor-
mance of lightweight and high-performance concretes.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Cementitious-matrix composites are often plagued in applica-
tions such as piers, docks, and bridge decks by the extensive crack-
ing that occurs under load. While such structures can be designed
to be relatively mechanically insensitive to matrix cracking per se,
the cracking can introduce extensive and unwanted internal con-
tamination by the environment resulting in direct corrosion, stress
corrosion cracking, etc. of the reinforcing fibers and internal micro-
structure. As a result, steps have been taken to reduce corrosive at-
tack and chemical wear.

One approach to moisture proofing and preventing corrosive at-
tacks on concrete structures is to coat them with polyurea [1]. The
coatings have been shown to reduce water absorption and improve

chemical wear and frost resistance [2,3]. The material lends itself
to construction because of its flexibility, excellent elongation char-
acteristics, rapid-cure rate, and wide service temperature range
(�50 �C to �150 �C) [4]. Because of its many unique physical and
chemical properties, polyurea is widely used for moisture and
chemical proof protection of pipelines, bridges, tanks, and roofs [5].

Polyurea also offers unique advantages for structural enhance-
ment due to its excellent flexibility and elongation characteristics
[6,7]. The polymer adheres well to concrete, metal and to wood
and it has been applied to light-frame rafter to top plate connec-
tions for strengthening the building envelope in costal construc-
tion [8].

Polyurea is also used for truck bed liners and for explosive blast
resistant walls. Thin interlayers of polyurea have been shown to in-
crease blast resistance of carbon fiber foam composites [9].
Researchers have demonstrated that the impact performance of
sandwich composites can be improved by strategically positioning
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a thin interlayer of polyurea relative to the impact source [10]. The
U.S. Army uses polyurea to coat and harden field buildings against
explosive blast because polyurea strain hardens under load [11];
and, polyurea is likely used to retrofit Government offices. Signifi-
cantly, the addition of polyurea to cement-based materials led to
various structural responses due to nonlinear material behavior
and dispersive wave propagation, making it possible to contain
spall and reduce fragmentation [12,13].

As mentioned below, researchers recently employed an ap-
proach, originally developed by material scientists to produce novel
nanocomposites, to fabricate cementitious materials with enhanced
properties [14,15]. The application of a polyurea coating to the sur-
faces of these high performance cementitious materials offers the
potential to further improve their performance. Thus, the goals of
the present study are to see what effects a polyurea coating has
on structural integrity when it is used to coat cylinders and plates
made with such materials and to discover how this performance
compares with that of a lightweight concrete of equal density.

The study may help designers fabricate concrete structures hav-
ing special requirements, work crews to repair or retrofit existing
structures, and builders to produce new structures that involve
mass concrete and/or skin applications. The results may be espe-
cially helpful in costal construction where structures are exposed
to sea water from storm surge or high winds from hurricanes.
The facts are that fifty percent of the US population lives within
50 miles of the coast in trillions of dollars of insured property
[16]. It is evident that significant problems exist in coastal build-
ings and there is a need for new water resistant building materials
and techniques that can reinforce new and existing structures
while providing safety for building occupants.

2. Polyurea

Polyurea is a high strength polymer with scalable and predict-
able material characteristics that can be sprayed onto a substrate
to make it waterproof or chemically resistant. The material has be-
come widespread in the coating industry because of its quick-cure
properties and great tolerance to extreme temperatures.

Polyurea has a variable gel time (the period of time that it takes
the resin to change from a liquid to a non-flowing gel); tensile
strengths in commercially available materials vary from 13.8 to
34.5 MPa with inversely related elongation rates. It can be applied
under field conditions by using a brush, a high temperature pump
applicator, or a low temperature low pressure dispenser.

From a chemical standpoint, polyurea is similar to polyureathane
in its chemical makeup. The main components of polyurethane are
di- or polyisocyanate molecules (cyanate functional group –NCO)
and polyols (hydroxyl functional group –OH). Through an exother-
mic reaction process, the two components form extended chains
and networks bonded by urethane groups –O(CO)(NH)–.

As for its mechanical properties, polyurea displays a nearly elas-
tic response to volumetric deformations; while above the glass
transition temperature, Tg, its shearing response at moderate pres-
sure and strain rate is soft and viscoelastic, so that its laterally
unconfined deformation is nearly incompressible [17].

In the present study, specimens were coated at room tempera-
ture by spraying them with a white polyurea called Dyna-Pur 8817
which was manufactured by Creative Material Technologies, Ltd.
According to the manufacturer, in this specially designed aliphatic
compound, carbon atoms are joined together to produce extensive
intermolecular hydrogen bonding which results in ‘‘tough’’
mechanical properties: an elongation of greater than 100%, an elas-
tic modulus of 483 MPa, and a tensile strength of 43 MPa.

The polyurea was sprayed onto test specimens at a pressure of
414 kPa with a ‘‘Voyager’’ cold spray system also manufactured by

Creative Material Technologies, Ltd. The coating was deposited at
room temperature and sprayed to a thickness of approximately
0.76 mm. The coating thickness was adjusted by controlling the
pressure, offset distance, and exposure time. The compound had
a gel time of about 30 s and a full curing time of 30–60 min
depending on humidity and temperature.

3. High performance cementitious materials

In civil infrastructure and building construction, cement-based
materials have been extensively used as the most common and
important material but many studies have shown disadvantages.
Traditional cement-based concrete consists of two parts: a cement
paste matrix and the aggregate. The properties of these constitu-
ents and the interactions that take place between them determine
the behavior of the material [18].

Prior research has shown that the interfacial transition zone
(ITZ) is the weakest region in a concrete structure. It is character-
ized by the prevalence of calcium hydroxide and higher porosity
and interactions that take place there drive many important mac-
roscopic properties, such as strength, permeability, and durability
[19–21].

Researchers studying the microstructure of the ITZ and the
hydration progression into it have confirmed a wall effect [21–
29]. They noted that ions have a tendency to flow slightly faster
near the wall because of the decreased permeability in this zone
[30]. As a result, the space around the aggregates is less effectively
filled by hydration products. At the same time, there is greater ten-
dency for calcium hydroxide [CH (Ca(OH)2)] and ettringite to de-
velop in this space.

As a result, methods have been studied to improve the aggregate/
matrix bonding in the ITZ by reducing the size of the aggregates
[31,32], using basalt and quartzite as aggregates [33], and replacing
the cement with ultrafine additions of constituents, such as silica
fume and metakaolin [34–37]. However, these methods are limited
in scope since they are siliceous and do not significantly alter the
nature of the interaction between the matrix and the aggregate.

A viable alternative is to adjust phenomena associated with
atomic and molecular interactions that strongly influence macro-
scopic material properties [38]. Materials having the potential to
form strong interactions at the molecular level, for example, have
been developed and utilized to produce novel nanocomposites
with enhanced properties [39–43]. This approach was applied to
produce high-performance cementitious composites when
researchers employed Poly(vinyl butyral) powder as a non-sili-
ceous organic aggregate [14].

Steel and glass fibers are typically added to reinforce the matrix
because of their high tensile strength. However, the bond strength
between these traditional materials and the matrix is often limited.
As a result, in addition to the interactions that take place within
the ITZ, fiber/matrix debonding may occur due to mechanisms
such as shear type deformation and fiber sliding [44]. This problem
can be solved to some degree by adding Poly(vinyl alcohol) fibers
to reinforce the cementitious matrix [15].

The concretes studied herein contain Poly(vinyl butyral) and
Poly(vinyl alcohol), also known as PVB and PVA, respectively. Prior
research has shown that the use of these materials in cementitious
composites results in improved ductility, impact resistance, and
fracture toughness [15].

PVB is a resin material which is usually used in applications that
require strong binding, optical clarity, surface adhesion, toughness,
and flexibility [45,46]. As illustrated in Fig. 1, the compound is pro-
duced by the well-known reaction between aldehydes and alcohols.

Butvar� B-79 is one of a number of commercially available
PVB products. As illustrated in Fig. 2, it is sold as a white and
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free-flowing powder; and, based on properties associated with
Butvar dispersions, the particle size ranges between 0.25 and
1.5 lm [47]. It has a unique combination of properties for coating
or adhesive applications and its addition to a system can improve
adhesion, toughness, and flexibility [48]. Table 1 shows the proper-
ties of Butvar� Resin B-79.

Mowital M-B75H is another type of Poly(vinyl butyral). It is a
thermoplastic material that is soluble in a large number of organic
solvents and can be cross-linked with other compounds [49]. Ta-
ble 2 shows the properties of Mowital M-B75H.

Poly(viny alcohol) is a synthetic material formed from the poly-
merization of vinyl acetate, followed by partial hydrolysis of the
acetate in the presence of an alkaline catalyst [50]. The chemical
structure of PVA is shown in Fig. 3.

The compound is a white powder with a specific gravity in the
range of 1.2–1.3 and a glass transition temperature of approxi-
mately 80 �C. The powder can be formed and extruded into PVA
fibers [51].

PVA fibers typically have a tensile strength between 1600 and
2500 MPa. PVA fibers also have alkaline resistance, a high tenacity,
and a high modulus [52]. Because of the high strength and alkaline
resistance, PVA fibers are considered to be one of the most suitable

Fig. 1. Chemical reaction for forming PVB [46].

Fig. 2. Butvar B-79.

Table 1
Properties of Butvar Resin B-79 (white, free-flowing powder) [46].

Property Units ASTM methods B-79

Molecular weight (weight average in thousands) – – 50–80
Specific gravity 23�/23� (±0.002) cp. D792-50 1.083
Water absorption (24 h) % D570-59aT 0.3
Hydroxyl contents expressed as% polyvinyl alcohol – – 11.0–13.5
Acetate contents expressed as% polyvinyl acetate – – 0–2.5
Butyral contents expressed as% polyvinyl butyral, approx. – – 88

Table 2
Properties of Mowital M-B75H [49].

Property Unit B-75H

Non-volatile content wt.% >97.5
Polyvinyl alcohol contentsa wt.% 18–21
Polyvinyl acetate contentb wt.% 0–4
Viscosityc mPa s 60–100
Glass transition temperature �C 73
Water absorption wt.% 4–6
Bulk density g/l 200

a Hydroxyl groups, in terms of polyvinyl alcohol.
b Acetyl groups, in terms of polyvinyl acetate.
c 10% Solution in ethanol.

Fig. 3. Chemical structure of PVA.
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polymeric fibers used in the reinforcement of concrete [53]. They
firmly bond to the surrounding cementitious matrix which causes
the fibers to fail by rupture rather than pull out. This hydrophilic
nature of PVA fiber tends to limit the multiple cracking effect
and results in lower strain hardening for the composite [53–55].
Table 3 lists the properties of Kuraray PVA fiber (RECS7) used in
the present study [56].

4. Experimental test program

4.1. Mix proportions

Compression and bending specimens (cylinders and plates,
respectively) were fabricated from two different high-performance
concrete mixes, and a lightweight concrete mix, having the mix
proportions described in Table 4. The PVB mix contains Poly(vinyl
butyral) as the only aggregate while the PVA fiber mix includes
Poly(vinyl alcohol) fibers added for reinforcement. The lightweight
concrete mix has the same density (1500 kg/m3) as the other
mixes. It was constructed using sand as the aggregate for compar-
ative purposes. The mixes have comparable slumps which rage be-
tween 25 and 35 mm.

Referring to the constituents listed in Table 4, the cement was a
SAKRETE

�
Portland Cement Type I-II which conformed to ASTM

C150 [57]. Metakaolin [58], conforming to ASTM C618 [59], was
added at approximately ten percent by mass to take advantage of
the ‘‘filler’’ effect and narrow the interfacial transaction zone
(ITZ). This reduces the amount of bleeding and helps yield a more
homogenous material [32]. The Sika� ViscoCrete� 2100 high range
water reducing admixture conformed to ASTM C494 [60] and acts
as a superplasticizer to reduce the amount of water.

The PVB added to each mix consisted of a combination of Butvar
B-79 and Mowital B75H. These constituents were selected and
blended based on their particle sizes, densities, and tensile
strengths (40–47 MPa) to provide a unique combination of aggre-
gates [14,15]. Butvar B-79 is manufactured by Solutia Inc.; Mowital
is produced by Kuraray Specialties Europe (KSE).

As mentioned earlier, the PVA fibers used were manufactured by
Kuraray Co. Ltd of Japan and are classified by the manufacturer as
RECS7. They were added to the PVA Fiber mix at a fiber volume frac-
tion, Vf, equal to 0.6% as reinforcement. Their high tensile strength
(1.6 GPa) helps bridge cracks which may form in the matrix.

Both PVB and PVA contain hydroxyl groups that have the poten-
tial to form a hydrogen bond between molecules, or within differ-
ent parts of a single molecule. This unique feature provides
remarkable changes in the surface bond strength, not only between
the aggregate and the matrix, but also between the fiber reinforce-
ment and the matrix. Additionally the ether oxygen functional
groups act as a weak base and could potentially interact with Lewis
acids and electropositive materials such as CSH [14].

Interaction may also occur between the high performance
cementitious matrix and the aliphatic polyurea used to coat it.
The reactions between Butvar and isocynates, for example, are
shown in Fig. 4 [46].

4.2. Compression tests

Table 5 summarizes the game plan developed for wet–dry test-
ing. A total of 30 cylinders (7.62 cm diameter by 15.24 cm long)
were prepared; 18 from the PVB mix and 12 from the lightweight
concrete mix (see Table 4).

As can be seen from Table 5, the game plan called for coating
one half of the cylinders (15 of them) around their circumferences
with polyurea. Of the nine PVB cylinders of each type (uncoated
and coated), three remained unexposed while the remaining six
were subjected to wet/dry conditions; three cylinders of each type
were exposed to sea water while the remaining three were ex-
posed to fresh water.

Of the six lightweight cylinders of each type, three remained
unexposed while the remaining three were exposed to sea water.
No exposure to fresh water was done for the lightweight concrete
cylinders primarily because the research effort was geared toward
costal construction. Photographs of typical uncoated specimens are
shown in Fig. 5 while Fig. 6 shows a photograph taken during the
coating process.

Fig. 7a shows a photograph of the exterior of the wet–dry envi-
ronmental chamber that was built to perform the wet/dry study
while Fig. 7b shows a schematic of its interior. The device utilizes
two electronically timed pumps and an industrial dryer to allow
specimens to be subjected to an aqueous solution, with alternating
wet and dry cycles (hot air at 35 �C averages and 90% humidity).

The test method involved a cyclic regime developed based on
prior research [61,62] to simulate site conditions. To establish
what would happen to a structure located on the sea coast, for
example, the concentration of the saline solution was made 35
ppt (35 g of salt per 1000 g of water), which corresponded to aver-
age ocean salinity.

Specimens were subjected to a total of 100 cycles. The duration
of the wet cycle was 4 h and that of the dry cycle, 8 h; thus, spec-
imens were exposed to two cycles per day for a total of 50 days.

All specimens were tested to determine the ultimate strength in
accordance with ASTM C39/C39M-11a [63]. Table 6 includes the
results obtained for the compressive strength while Figs. 8 and 9
illustrate how the compressive strength varies with different coat-
ing and curing conditions for PVB and lightweight concretes,
respectively. Each of the vertical range bars shown on the plots
in Figs. 8 and 9 correspond to the standard deviation.

Referring to Fig. 8, the addition of the polyurea coating to the
high-performance concrete led to a slight decrease in the compres-
sive strength of cylinders cured at room temperature. However, the

Table 3
Properties of Kuraray PVA fiber (RECS7) [56].

Properties Diameter Thickness Cut length Young’s modulus Density Specific gravity
Units (mm) dtex (mm) (kN/mm2) (g/cm3) –

RECS7 0.027 7 6 39 1.19–1.31 1.3

Table 4
Mix proportions for PVB, PVA fiber, and lightweight concretes (kg/m3).

Cement MK Beach sand Lightweight sand B-79 B-75 Water Sika PVA fiber W/C

PVB 833.0 79.3 182.4 119.0 364.8 26.7 – 0.438
PVA fiber 833.0 79.3 182.4 119.0 364.8 26.7 7.9 (Vf = 0.6%) 0.438
Lightweight 508.9 147.0 728.0 246.8 23.0 0.530
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process did improve the strength of the PVB concrete when it was
subjected to a wet/dry environment, especially in the case of fresh
water.

Referring to Fig. 9, similar to the trend seen in Fig 8, the addition
of the polyurea coating to the lightweight concrete led to a slight
decrease in the compressive strength of cylinders cured at room
temperature. Although no tests were conducted using fresh water,
the coating process resulted in an increase in strength when the
lightweight concrete was subjected to sea water.

It should be noted that the sample sets used to generate these
figures were small. Moreover, the standard deviations were rela-
tively large in some cases, especially when the lightweight con-
crete was subjected to sea water.

In general, maintaining constant environmental conditions
leads to increased strength because of better cement hydration.
The trends seen in Figs. 8 and 9 suggest that the application of a
polyurea coating helped in this regard when the specimens were
subjected to wet–dry cycling.

It should also be noted that the curing and coating conditions
influenced the manner in which different concretes failed. This is
evident in Fig. 10. In the case of the lightweight concrete, for exam-
ple, failure took place when cracks developed at the end of the cyl-
inder. When the PVB cylinders were tested, the polyurea coating
contained the concrete until the coating ruptured.

Fig. 4. Reactions between Butvar and isocynates [46].

Table 5
Game plan for testing concrete cylinders under wet–dry conditions.

Environment Uncoated Coated with Polyurea

PVB Lightweight PVB Lightweight Total

Room temperature 3 3 3 3 12
Wet/Dry (Sea water) 3 3 3 3 12
Wet/Dry (Fresh water) 3 – 3 – 6
Total 9 6 9 6 30

Fig. 5. Uncoated (a) PVB cylinders and (b) lightweight cylinders were prepared for
compression tests.

Fig. 6. Half of the cylinders were coated with polyurea.

Fig. 7. Wet–dry environmental chamber: (a) exterior and (b) interior.

Table 6
Results obtained from compressive strength tests of concrete cylinders.

Coated condition Uncoated Coated

Curing condition/Type of
concrete

PVB* Lightweight* PVB* Lightweight*

Room temperature 32.81 38.06 32.01 37.53
Wet/dry (sea water) 31.11 35.15 31.89 38.09
Wet/dry (fresh water) 33.64 – 38.01 –

* All units are in MPa (MN/m2).
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4.3. Flexure tests

Table 7 summarizes the game plan developed to evaluate the
flexural strength and toughness of uncoated and fully encapsulated

plates. Eighteen plates were fabricated from the mixtures listed in
Table 4. One half of the plates (nine total; three from each mix)
were coated with polyurea.

Six, relatively large cementitious panels (three for each mix)
were fabricated to produce the plates. Molds were constructed
by nailing 1.27 cm thick pine rails to plywood that was covered
with PVC plastic film. The final dimensions of each mold were
61 cm � 30.5 cm � 1.27 cm.

The mix was placed in each mold and placed on a vibration ta-
ble to help fill the mold evenly. After placing the panels, the molds
were loosely covered with plastic and allowed to cure for 3 days.
After 3 days, the panels were carefully removed and placed in
water to finish curing. The panels were water cured for 25 days,
for a total cure cycle of 28 days. The panels were removed and al-
lowed to dry before cutting. Each plate was cut using a table saw
into the final dimensions. Fig. 11 shows the eighteen, 61 cm
long � 10.2 cm wide � 1.27 cm thick, plates cut from the panels.

Flexure tests were conducted in accordance with ASTM C78/
C78-10 [64]. As illustrated in the photos shown in Fig. 12, each
specimen was tested to failure over a 45.7 cm span with supports
placed at 15.24 cm apart.

Strain was measured in the central span using strain gages. Two
gages were initially used on the uncoated samples to check for con-
sistency. This number was reduced to one on the coated samples
after tests revealed that the readings from the gage pairs were
nearly equal.

A load cell was used to measure the applied force which was
used to compute the bending moment by multiplying half the load
by the distance between the outer and inner supports. Stresses
were computed based on the standard flexure formula and the
dimensions of the cross section at the gage location.

Fig. 13 shows six, stress versus strain curves generated for the
six different specimen categories found by averaging the results
obtained for the three specimens in each. For comparison and clar-
ity purposes, Fig. 14 shows the same curves plotted for strains up
to 1000 le. Each of the vertical range bars shown on the plots in
Fig. 14 correspond to the standard deviation computed for the
stresses measured in three different specimens at the strain level
where the bar is located.

Table 8 lists the average maximum flexural strength and the elas-
tic modulus for each category. The strain energy density, found by
computing the total area under the stress versus strain curve, is
shown for the uncoated samples. The latter, referred to as the tough-
ness, indicates how much energy a material can absorb before rup-
turing. Fig. 15 illustrates how the flexural strength of each mix varies
with different coating conditions. Each of the vertical range bars
shown on the plots in Fig. 15 correspond to the standard deviation.

The stress–strain results for all of the uncoated and coated sam-
ples were fairly consistent when the materials remained in the
elastic range. The peak stresses determined for the coated samples
agreed fairly well but strain results varied dramatically at high
strain levels. Consequently, the curves drawn past the point at
which the coated specimens begin to strain harden represent only
behavioral trends drawn to the point at which maximum load was
sustained. In these regions, the underlying substrate is sustaining
progressively more damage at a critical location which, in most
cases, is not located where strain is actually being measured. As
cracks develop in tension beneath the polyurea coating in the crit-
ical section, the centroid begins to shift toward the compressive
side of the beam. The moment of inertia decreases as stress is pro-
gressively transferred to the coating where bonding, thickness, and
strength considerations come into play as the coating reaches its
breaking strength. In general, the addition of PVA fibers created
more dispersion in the data as compared to that collected for plates
placed with the lightweight concrete and PVB alone because of the
random orientation and distribution of the free fibers [38,65].

Fig. 8. Wet/dry behavior of uncoated and polyurea coated samples for PVB
concrete.

Fig. 9. Wet/dry behavior of uncoated and polyurea coated samples for lightweight
concrete.

Fig. 10. Failure modes for cylinders cured (a) at room temperature and (b)
underwater.
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Table 7
Game plan for testing unreinforced plates under normal operating conditions.

Coated condition Uncoated Coated with Polyurea

Curing condition/type of concrete PVB PVB fiber Lightweight PVB PVB fiber Lightweight Total

Room temperature 3 3 3 3 3 3 18

Fig. 11. Plate specimens: (a) uncoated and (b) coated.

Fig. 12. Flexure tests were conducted on (a) uncoated and (b) coated plates.

Fig. 13. Stress versus strain curves for uncoated and coated specimens (full range).
Fig. 14. Stress versus strain curves for uncoated and coated specimens (limited
range). See legend in Fig. 13.

1176 H.A. Toutanji et al. / Construction and Building Materials 38 (2013) 1170–1179
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Referring to the curves in Figs. 13 and 14, the stress–strain re-
sponses of the uncoated plates were all fairly linear to failure.
The plate that contained PVB showed a slight hint of strain harden-
ing while the one with the PVA fibers showed slightly more. The
addition of the polyurea coating allowed the plates to sustain dra-
matically higher strains especially when PVA was added. Strain
hardening is prevalent in the plots corresponding to the coated
specimens, much more so in the PVA specimens.

Referring to Table 8, the addition of PVA fibers to the PVB mix
increases the flexural strength, lowers the elastic modulus, and in-
creases the toughness. In general, the addition of the polyurea
coating increases the maximum flexural strength and decreases
the global stiffness.

5. Lightweight versus PVB concrete

Fig. 16 shows a comparison between the compressive and flex-
ural strengths for the lightweight and PVB mixes. Each of the ver-
tical range bars shown on the plots correspond to the standard
deviation.

Although the compressive strength of the lightweight mix is
higher than that of the PVB mix, the flexural strength is lower. This
trend was seen elsewhere where it was observed that the addition
of PVB to a baseline mix led to an increase in the tensile-to-
compressive strength ratio [65]. The further addition of PVA
increased this ratio even further which accounts for the higher
flexural strength seen here when PVA fibers are added.

The lower modulus and higher flexural strength of PVB con-
cretes make them more attractive for applications in which load
reversals take place. The lower modulus leads to a greater stress
transfer from the matrix to the reinforcement and the higher ten-
sile-to-compressive strength ratio increases the potential to store
and release energy. Thus, PVB concretes show great potential for
applications ranging from the construction of seismic structures
to energy harvesting devices.

The greater toughness of PVB concretes also makes them more
attractive for creating impact resistant structures in applications
ranging from blast resistant walls to rocket casings. Finally, the

cross linking which takes place between the polyurea and the con-
stituents used to produce high-performance concretes (i.e., PVB and
PVA) helps to make structures fabricated with them more efficient.

It is important to mention that although various comparisons
were made between lightweight and PVB concretes, it is evident
from Table 4 that the cement content of the latter are much higher
and that the water/cement ratio is smaller. Both of these parame-
ters, as well as the size and shape of the aggregates, strongly influ-
ence the properties of concrete; and, in this case, the differences
are both in favor of the PVB concretes.

6. Discussion

The results of the tests depend drastically on the scale of the
specimens and structural elements tested. For example, in terms
of compressive or flexural strength, the improvements obtained
due to the coating will tend to be negligible in larger specimens.
These factors should be taken into consideration during the design
process, specifically while evaluating the feasibility of the solution.

As mentioned previously, it is fundamental to guarantee that ex-
cess water in cementitious materials is allowed to be released as
water vapor through its skin. Although the water vapor permeability
of the Dyna-Pur 8817 polyurea used in this study was not measured,
a value of 10 mg/m2/day was reported for a similar product [66].

In general, the key constituents in high performance concrete
cost far more than those in typical normal weight concrete. There
is also a sizable cost associated with applying a polyurea coating to
the substrates made from them.

Based on a study done in 2010, typical normal weight concrete
mixes used for civil engineering structures cost about $103/m3

[67]; albeit, this price is for large construction projects. For small
batch sizes batches similar to those used in the present study,
the cost for procuring the cement and aggregates used for normal
weight concrete is estimated to be twice as much as the figure
quoted above, or about $206/m3.

By comparison, cost estimates for the PVB and PVA Fiber mixes
used in the present study are shown in Tables 9 and 10, respec-
tively. The estimates were prepared based on the mix proportions
listed in Table 4.

It is evident that for small batch sizes, the cost of high performance
concrete is about ten times that of normal weight concrete. However,
for specialized applications where impact resistance is of paramount
importance, the additional performance may justify the cost.

As far as the polyurea coating is concerned, the installed cost for
depositing a 0.75 mm thick coating like the one used in the present
study is estimated to be on the order of $100/m2. But this cost

Table 8
Data compiled based on averaging results for three specimens.

Mix Surface
condition

Flexural
strength
(MPa)

Elastic
modulus
(GPa)

Strain energy density
(MN/m2 or MJ/m3)

Lightweight Uncoated 3.31 15.11 535.54
PVB Uncoated 4.39 9.44 1110.91
PVA fiber Uncoated 4.71 7.49 1719.62
Lightweight Coated 4.48 10.23 –
PVB Coated 7.37 8.22 –
PVA fiber Coated 7.53 6.87 –

Fig. 15. Flexural strengths for uncoated and coated plates.

Fig. 16. Compressive versus flexural strengths for the lightweight and PVB mixes.
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could be easily offset by safety considerations in some applications
and/or reductions in insurance premiums in others. Additionally,
the polyurea family is a specialty market now. The applied costs
could decrease toward the $40/m2–$60/m2 range when and if this
technology is commercialized.

Despite the fact that polyurea coatings enhance the structural
performance of PVB concretes, additional research is needed to
fully explore this potential in specific applications. In cases where
a structure would likely be subjected to fire, for example, it would
be important to evaluate the fire behavior of PVB concrete, PVA fi-
bers, and the polyurea coating relative to that of conventional con-
crete and aggregates. In environmentally sensitive applications, it
would be beneficial to know whether there was leaching of delete-
rious substances from the PVB concretes or the polyurea coating.
And, in cases where long term performance was important, assess-
ing the durability of the polyurea coating and concrete constitu-
ents would be essential.

7. Conclusions

In this study, a low modulus polyurea coating was sprayed un-
der field conditions onto the surface of a lightweight concrete and
two high-performance cementitious composite materials: one con-
taining Poly(vinyl butyral) (PVB) as the only aggregate, the other
with Poly(vinyl alcohol) (PVA) fibers added for reinforcement.
Compression tests were conducted to establish the wet–dry perfor-
mance of uncoated and circumferentially coated cylinders made
from the PVB and lightweight concretes; and, flexure tests were
conducted on plates constructed with all three mixes to measure
the flexural strength and toughness of uncoated and coated sam-
ples. As a result, the following conclusions were reached:

Regarding wet/dry behavior:
– The circumferential polyurea coating improved the strength of

the PVB concrete cylinders when they were subjected to a
wet/dry environment, especially in the case of fresh water. An
increase in strength was seen when the lightweight concrete
cylinders were coated and exposed to sea water.

Regarding flexure:
– The stress–strain plots of uncoated plates made from the mate-

rials were all fairly linear to failure.

– The addition of PVA fibers to the PVB mix increased the flexural
strength, decreased the stiffness, and increased the toughness.

Regarding coating flexure specimens with polyurea:
– The addition of the polyurea coating allowed the plates to sus-

tain higher strains especially when PVA was added. The strain
hardening was prevalent in the stress–strain plots; much more
so when PVA fibers were added.

– The addition of the coating increased the flexural strength,
decreased the stiffness, and increased the toughness.

Regarding lightweight versus high-performance concretes:
– Although the compressive strength of the lightweight concrete

was greater than that of the PVB concrete, the flexural strength
was not. This trend was attributed to the higher tensile-to-com-
pressive strength ratio associated with high-performance
concretes.
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