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« The dynamic responses of bare and PU coated concrete specimens were examined.
« Strength, strain during ultimate failure, and strain energy density were enhanced.
« Drastic fragmentation effects can be reduced.
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Experimental investigation was conducted using concrete specimens to assess the effectiveness of bio-
based polyurethane (PU) coating synthesized from palm kernel oil in enhancing the dynamic mechanical
response of concrete specimens under quasi-static and dynamic loads. The dynamic loading condition
was simulated by conducting three-point bending tests at a strain rate of 0.067 s~!, and simultaneously,
under quasi-static loading (strain rate of 0.00033 s~!) conditions. The application of PU layer(s) (either on
the impact face, rear face, or on both faces of the concrete specimens) increases the dynamic resistance of
the concrete element, which can be enhanced by increasing coating thickness on either face of the con-
crete element. Under dynamic conditions, with 10% of total coating thickness compared to the beam
depth, strain during ultimate failure, and strain energy density were enhanced significantly with mar-
ginal enhancement in the ultimate flexural strength. PU coating does not debond during ultimate failure
of the test specimens which implies good adhesion characteristics, and even with minimum coating
thickness (2.5%), drastic fragmentation effects can be reduced. Bio-based PU is a green material and appli-
cation of PU coating provides a viable and sustainable technique for protecting concrete structures
against dynamic loads.
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tructure against dynamic loads, from low velocity impact to high
impulsive loads, has received renewed interest among researchers
following the increase in failures of these structures under
dynamic loads over the past few decades [1,2]. Typical examples
for low velocity impacts are vehicle accidents (e.g., impact gener-
ated during the accidents in car parks on columns and sideways
of roads); direct human action (e.g., impact of objects when
dropped, impact of thrown objects, and accidental impact in the
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process of being moved); impact generated during falling and swing-
ing of objects in industries; low scale explosion in factories; impact of
falling objects during earthquake; impact of flying debris or objects
generated by explosions; impact of debris bring by natural disasters
such as flood, tsunami and tornado; impact on the marine and off-
shore structures exposed to ship and ice impact etc. In addition, load-
ing can be severe as high impulsive loadings such as direct blast and
ballistic loadings. Generally impact loads generate very high intensity
load and pressure within short time duration which results high
strain rate, stress wave on elements, and significant inertial effect,
thus leading to a dynamic structural response that is differ from
the quasi-static response of structure [3]. These events produce a
wide spectrum of response and destruction to the target, and internal
damages which is caused by these impact loads is sometimes unde-
tectable and may result the reduction in load carrying capacity of the
structure, and severe damage may result a catastrophic failure of the
structure. The severity of these destruction is governed by the several
aspects such as mass and shape of the impactor, velocity of impact,
the weight of the explosive material and the stand-off distance to
the target, type of composite structures and systems, and type of
structural material used. Therefore, proper attention should be paid
to the structural material to reduce the level of destruction [3,4].

Although cementitious materials are known to be rigid, they fail
via tensile cracking when overloaded and subjected to dynamic
loads, because they have low tensile strain capacity (with tensile
strain of approximately 0.0001, nearly one-tenth that of compressive
strain), lower fracture toughness of approximately 0.01 kJ/m? com-
pared with other structural materials such as mild steel (100 kJ/
m?), and are brittle [5,6]. Therefore, the concrete member may suffer
brittle shear failure in addition to the flexural failure even though
they were designed to fail in flexural failure. Several techniques,
mostly composite laminates such as fibre-reinforced polymer (FRP)
composites and its variants [7-19], and cementitious composites
[20-24] have been used to retrofit concrete and other civil structures
against a wide range of loading conditions. However, their limita-
tions under dynamic loads have led to the search for novel, feasible,
and sustainable techniques to strengthen concrete structures and
other structural elements [3,25]. Evidences from the past work indi-
cate that enhancing strain and energy absorption capacities of struc-
tural elements can substantially reduce damage and fragmentation
effect under dynamic loads, including under high impulsive loading
conditions [3,26,27]. The application of materials with high stiffness
and high strain capacity is a highly effective mean to enhance the
energy absorption capacity of structural elements [3,25-30]. One of
the novel approaches to mitigate the destructive effects of dynamic
loads is the application of elastomeric coatings to protect structures
[3,25,29,31-38]. Numerous studies have been conducted to investi-
gate the possibility of using these coatings as a technique for struc-
tural strengthening because they appear to have potential to
significantly enhance the resistance of structures against dynamic
loads [26,29,33-35,39-44].

The first attempt to use elastomeric polymer under dynamic
and impulsive loads was undertaken by the US Air Force Research
Laboratory at the Tyndall Air Force Base to evaluate the applicabil-
ity of 21 types of polymers, including 14 elastomeric polymers, in
enhancing the structural performance of masonry structures under
blast effect [29,34,35]. These investigations deduced that elas-
tomeric polymers significantly enhanced the resistivity of struc-
tures under such loads. In particular, although masonry walls
had failed, applying coatings of elastomeric polymers, and their
variants, prevented fragmentation, which was a major cause of
injury among the occupants of structures [29,34,35]. These poly-
mers behave like a membrane by stretching, thereby minimizing
the incidents of flying debris upon impact and resulting in causal-
ities [3,25,26,29,35]. In addition, the use of elastomeric polymers
provide better solutions than conventional and advanced tech-
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niques; hence, it is cost-effective (low capital cost and low resource
consumption) and applicable to existing structures [3]. The suc-
ceeding studies that apply this technique have shown that elas-
tomeric polymers are effective in dynamic protection of other
types structural materials such as masonry [45-48], metals
[28,33,40-43,49-51] and composites [38,39,44,52-55]. Although
concrete is the most widely used structural material, research on
the use of elastomeric polymer coatings to strengthen concrete
structures has been limited. Only a limited number of studies
investigating the effect of elastomeric polymers on the dynamic
(blast) resistance of concrete structures have been published,
because controlled laboratory-scale experiments remains chal-
lenging. Raman et al. [5,26,56] investigated the effect of elas-
tomeric polyurea on the impulsive response of reinforced
concrete panels by conducting field blast tests. Parniani and Tou-
tanji [57] studied the fatigue and monotonic behaviour of concrete
beams strengthened with a polyurea coating system. Igbal et al.
[58] investigated the applicability of polyurea coatings for
enhanced blast survivability of concrete. Findings of these studies
indicated that application of elastomeric polymer improves the
flexural capacity as well as ductility of reinforced concrete ele-
ments. However, it is progressing rapidly given the outstanding
mechanical behaviour and positive effects of elastomeric polymers
on other types of structural materials.

Among numerous polymers, Polyurethane (PU) and its variants
have been receiving increased attention from researchers and engi-
neers because of their suitable and customisable structural prop-
erty, which is correlated with a number of physical and
mechanical properties, including high flexibility, elasticity, and
resistance to impact, abrasion, and weather [3,25,27]. The mechan-
ical properties of PU is highly dependent on the types and content
of the polyols and diisocyanates used in the synthesis [25,59], and
applied loading condition [27,32,60,61]. PU is an inexpensive,
light-weight, soft, and abrasion-resistant retrofit for most struc-
tural materials, such as masonry, metal, concrete, and other com-
posites. It can be easily applied using simple techniques, such as
spraying, brushing, bar coating, and pouring. PU readily adheres
to surfaces and rapidly cures [3,25].

A series of studies undertaken by the authors [32,59-64] sug-
gest that bio-based PU synthesized from palm kernel oil is an alter-
native sustainable coating material that can be used to enhance the
dynamic resistance of structural elements, in its place for petro-
leum based elastomeric polymers used in recent researches. The
present study was undertaken to analyse the applicability and
effectiveness of bio-based PU coating under dynamic loads at lab-
oratory scale with polymer coated and uncoated concrete beam
specimens. In the current work, attention has been paid to investi-
gate its behaviour under dynamic condition which can be gener-
ated from an event of impact. To evaluate the efficiency of the
proposed retrofitting technique, cast (unreinforced) concrete spec-
imens were used and coated with 10 different configurations,
which were combinations of various thicknesses and coating
arrangements. The specimens were subjected to loading of two dif-
ferent strain rate regimes, simulating quasi-static and impact con-
ditions. The experimental method allows the assessment of
responses in terms of the enhancement of strength, energy absorp-
tion, flexibility, and fracturing of PU-coated concrete specimens.

2. Experimental programme
2.1. Materials
2.1.1. Concrete

Commercially available ordinary Portland cement (CEM-I) with
a strength class of 42.5 N, was used in this study. The density of the
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cement was 3160 kg/m>, and its quality complied with the ACI 211
[65]. Locally available river sand was used as fine aggregate, with a
maximum size of 5 mm. The sand was clean and nearly free of deb-
ris. The specific gravity and fineness modulus of the fine aggregate
were 2.61 and 2.70, respectively. The coarse aggregate used in this
study was locally sourced from 9.5 mm downgrade crushed stones.
The specific gravity and fineness modulus of the coarse aggregate
were 2.65 and 5.93, respectively. Fig. 1 shows the plot for the grad-
ing curves of the fine and coarse aggregates. Both types of aggre-
gates were air-dried; therefore, free moisture on the surface of
the aggregates was assumed negligible.

The concrete grade considered in this investigation was 30 MPa
for cylinders. The concrete mix designs used in this study are listed
in Table 1. Table 2 provides the average strength values of the
cubes and the cylinders for the 7th, 14th, and 28th day compres-
sive strength of the used concrete mix. In the investigation,
150 mm x 150 mm x 150 mm cube specimens and 100 (D)
mm x 200 (H) mm cylindrical specimens were used. The charac-
teristic compressive strength of the specimens was calculated
based on ASTM C-39 [66].

2.1.2. Polyurethane

Palm-based polyol (PKO-p) [67] 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 sourced from
Sigma Aldrich (M) Sdn. Bhd., Malaysia. The synthesis of bio-based
PU elastomer was undertaken from the rapid reaction of PKO-p and
MDI via pre-polymerization in the presence of PEG as a plasticizer,
and without any catalyst under ambient temperature. The mix pro-
portion of the PKO-p: MDI: PEG was used as 100:80:6 (by weight)
which was obtained based on the experimental investigations con-
ducted by authors [27,32,59-62,64]. Acetone was added based on
the total weight of each system separately with the same percent-
age of 35% wjw.

2.2. Preparations of concrete specimens coated with Polyurethane.

The concrete specimens were prepared using predesigned
moulds (Fig. 2). All the moulds were oiled first and then placed
on the vibrating table. Concrete was mixed uniformly in the mixer
according to the mix design specified in Table 1; fresh concrete was
then poured into the moulds. Concrete was evenly compacted
using a mechanical table vibrator until no bubble was present on
the surface. To ensure an even top surface, concrete was finished
very carefully using a steel trowel. The prepared concrete test spec-
imens with a dimension of 160 mm (L) x 40 mm (W) x 40 mm (T)
were removed from the moulds after 1 day of casting and placed in
a water tank to ensure proper curing. All the specimens were
water-cured for 7 days at ambient temperature. After 7 days, the
specimens were further air-cured at ambient temperature. The
uncoated specimen was designated as CON, as shown in Fig. 3. A
total of 10 different types of coating configurations were used
throughout the study, albeit with variations in coating thickness.
Table 3 presents the schematic diagrams of the bio-based PU
coated concrete sample arrangements used in this study. Different
configurations were produced by applying PU coatings with vary-
ing thicknesses on the top and bottom faces of the moist-cured
concrete test specimens. The determined strength would depend
on the preparation, moisture condition, and curing condition;
hence, the same materials, techniques, and conditions were used
during the preparation of the test specimens.

All the concrete specimens were set aside for a few hours to
achieve a dry surface before coating. PU was fully coated onto
the surface, and no additional adhesive was used, since PU is a
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Fig. 1. The grading curve of the fine aggregate and coarse aggregate.

Table 2

Details of cube and cylinder average compressive strengths of the concrete mix used.

Table 1

Details of mix design proportions for the grade 30
concrete produced in the experimental study.

Constituent materials

Quantity (kg/m?)

Cement 380
Fine aggregate 640
Coarse aggregates 1190
Water 190

Age Average compressive strength
Cube strength (MPa) Cylinder strength (MPa)
7 days 32.18 24.41
14 days 38.66 28.85
28 days 42.28 32.12

self-adhesive polymer on concrete. As shown in configurations
T1, T2, and T4, 1, 2, and 4 mm-thick PU coatings were applied on
the impact-facing surface (top face during testing), with 2.5%, 5%,
and 10% PU layer thickness, respectively, compared with the thick-
ness of the uncoated concrete specimen. Fig. 4(a) shows the sample
T4, which is coated with 4 mm-thick PU layer on the top face of the
concrete specimen. Similarly, B1, B2, and B4 were all coated on
their bottom face during testing (rear face compared with impact
face) with similar coating thicknesses as aforementioned. Configu-
rations T1B1, T2B2, and T4B4 were formed from the combination
of T1, T2, and T4 with B1, B2, and B4, respectively, by coating both
sides with 1, 2, and 4 mm-thick PU.

2.3. Dynamic flexural test

Three point bending test was conducted according to the ASTM
C-293 [68] standard using Zwick 100 kN Proline Materials Testing
Machine (Zwick Roell AG, Ulm, Germany), model no. Z100 (Fig. 5),
under displacement-controlled conditions at different strain rates
(different crosshead speeds were used to attain varying strain
rates). All the specimens were tested on the same day after casting
and coating to approximately maintain the same age of the speci-
mens. The length of the test span was 120 mm, which was thrice
its depth as tested, thereby allowing sufficient overhang (20 mm)
on each end to avoid slipping through the support. The length of
the test span was checked before testing each specimen to verify
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Fig. 2. Pre-designed moulds used to cast concrete specimens.

Fig. 3. Uncoated concrete specimens (Control (CON)).

that it was within 2% of the accurate span length. The test speci-
mens were turned on their side with respect to their position as
they were moulded and centred on the support blocks (Fig. 5).
All the test specimens were tested at ambient temperature, with
crosshead speeds of 200 mm/min and 1 mm/min to obtain
0.067 s~! and 0.00033 s~! strain rate conditions, which corre-
sponded to impact and quasi-static conditions, respectively. Two
sets of experimental setups, denoted by low (L) and high (H), were
used to characterise the responses under quasi-static and impact
conditions. Actuator displacement was controlled using a com-
puter with the testing software testXpert II (Zwick Roell AG, Ulm,
Germany). The operation and data acquisition (time, load, and
mid-span deflection) of the testing system were undertaken. The
test was continued until the ultimate failure of the test specimens
occurred. The time history of the force transmitted through the
samples and the deflection at the midpoint of the sample were
measured. In addition, strain energy density is correlated with
the ductility of a test specimen. Cumulative strain energy was com-
puted by integrating the area underneath the stress-strain curve.
The maximum flexural stress, failure strain, and strain energy den-
sity were obtained as the average of six readings. The nature of a
crack and its patterns on the test specimens were observed and
recorded in situ after each test. Similarly, any damage sustained
by the PU coatings was recorded through visual observations.
The actual strain rate was calculated using the time-deflection
histories of all the specimens. The plots of the actual strain rate
versus the strain of the selected specimens under varying strain
rates are shown in Fig. 6; these plots are representative of those
of the other specimens with same strain rate condition. The actual

strain rate versus strain histories of the low-strain rate
(0.00033 s~ ') demonstrates a consistent pattern while varying
between 0.00029 s~' and 0.00036 s~! (Fig. 6), which can be
neglected. The initial region of the curve for the strain rate of
0.067 s~! exhibits an increment from 0 to 0.067 s~ at the begin-
ning of the test because the specimens require ~1 s to reach
dynamic equilibrium, which corresponds to a strain rate of
0.067 s~ ! for all the test specimens. Therefore, the initial stiffness
region of these 0.067 s~! strain level curves present a behaviour
under a strain level that is slightly lower than that at nearly up
to 1 s, which corresponds to a strain of approximately 0.024. Sub-
sequently strain rate fluctuated between 0.063 s~! and 0.068 s~!
after reaching dynamic equilibrium (after strain of 0.024) under
impact (0.067 s~!) condition as shown in Fig. 6.

3. Experimental results and discussion

A more comprehensive experimental investigation is required
to completely understand the effect of coating on the dynamic
response and fracture resistance of concrete specimens. The effects
of PU coating thickness on the impact face (top face), rear face (bot-
tom face) with respect to loading, and on both faces were investi-
gated. The comparisons undertaken are summarised in Table 4,
and the details of the method of comparison, and the specimens
used are provided.

3.1. Coating on the impact face

This section examines the role of PU coating thickness on the
impact face in the efficient dynamic resistance of concrete ele-
ments. The behaviours of specimens CON, T1, T2, and T4 are com-
pared and discussed in this section.

As shown in Fig. 7, the mechanical responses of the uncoated
concrete samples significantly differ under the two loading condi-
tions tested. Under impact condition, stiffness and ultimate flexu-
ral stress are slightly higher than those under quasi-static
condition. Moreover, specimen deflection is relatively lower;
hence, strain energy is dominant. This occurrence is common
among most of the materials and is known as the strain rate effect
or strain rate sensitivity; that is, strength values increase whereas
strain values decrease under high strain rate condition [6,69].
Johansson [70] reported that the enhancement of strength values
could be attributed to two phenomena: viscous (free water) effect
and structural (inertia forces and confinement) effect. A viscous
effect leads to moderate enhancements, which occur at strain rates
of up to 30 s~! (transition zone). By contrast, a structural effect
results in a strength enhancement of up to four times the static
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Table 3
Schematic views of the PU coated concrete sample arrangements used in this study.
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Label on specimen at the test Specimen designation

Retrofitting scheme

Thickness of PU coating (mm)

Top surface Bottom surface

S1 CON
S2 T1
S3 T2
54 T4
S5 B1
S6 B2
S7 B4
S8 T1B1
S9 T2B2
S10 T4B4

2 _
4 _
- 1
- 2
- 4
1 1
2 2
4 4

(a)

Fig. 4. (a) PU coated concrete test specimens (T4) (b) Coating of PU on concrete specimens.

strength when the strain rate is above the transition zone. Eibl and
Schmidit-Hurtienne [71] also observed a similar behaviour and
described that two mechanisms might govern the strain rate effect
at different strain rate regimes. Effects, such as moisture content
and cross-aggregate cracks, are assumed to govern strain rate sen-
sitivity at lower strain rates (below 1072 s~'), whereas inertia
effects are assumed to govern the effects of damage formation at
higher strain rates (above 1072 s~ 1),

Therefore, in the present study, the slight enhancement (5.3%)
in the flexural strength of the uncoated concrete specimen may
be attributed to the moisture content and cross-aggregate crack
effects. In addition, other parameters or combinations of those
parameters affect strain rate sensitivity, such as concrete grade,
specimen size, test method, and presence of fibres in concrete

[5]. A subsequent experimental study on bio-based PU shows that
PU is a highly strain rate-sensitive elastomer, wherein a dramatic
transition in behaviour from rubbery to leathery state was
observed in response to increasing strain rates [3,27,32,60,61]. In
particular, Young’s modulus, yield stress, maximum stress, failure
stress, as well as resilience and toughness moduli are directly cor-
related with strain rate, whereas the tangent modulus and failure
strain are inversely correlated with strain rate [27,32,60,61]. These
findings clearly show that the responses of the coating configura-
tions significantly differ under quasi-static and impact conditions.
When 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
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Fig. 5. The dynamic flexural test setup.
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Fig. 6. The actual strain rate-strain curves of test specimens at varying strain rates.

Table 4
Summary of the comparisons undertaken using PU strengthened concrete specimens.
No Method of comparison Specimens
used
1 Influence of Coating  Coating on the impact face CON, T1,T2, T4
2 Thickness Coating on the rear face CON, B1, B2, B4
3 Coating on the both faces with CON, T1B1,
equal thickness T2B2, T4B4

deformation before being transferred to the concrete element. The
coating is applied on the compression side; hence, the stiffness of
PU significantly increases compared with that under tension,
thereby subsequently increasing the amount of absorbed energy.
As shown in Fig. 7(a), the stiffness of the PU-coated test specimens
decreases with increasing coating thickness under both quasi-
static and impact conditions, whereas no significant change in
the ultimate flexural stress is exhibited. This finding highlight that
the coated specimens exhibit more ductility compared to the
uncoated one and ductility is increased with the coating thickness.
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Fig. 7. The mechanical responses of the test specimens with top coating (a) stress—
strain (b) cumulative strain energy-strain: (T2-L, (T) coating face, (2) coating
thickness, (L) strain rate condition).

3.1.1. Ultimate flexural stress

For all the test specimens in each test configuration, ultimate
flexural stress is attained immediately before ultimate failure
under both conditions. Fig. 8 (a) presents the average ultimate flex-
ural strength of the studied specimens. Ultimate flexural strength
is higher under impact condition than under quasi-static condition
for all coating configuration. Under quasi-static condition, a signif-
icant difference in ultimate flexural stress is not observed when
coating thickness is increased by up to 10% of the thickness
(4 mm) of the concrete specimen. Under impact conditions, how-
ever, a strength enhancement of 10.3% is exhibited when 4 mm-
thick PU coating is applied; moreover, minimal deviations were
observed when 1 mm- and 2 mm-thick coatings are applied.

3.1.2. Failure strain

When a body is placed under external loads and pressure, inter-
nal stresses develop within the body and it will result deformation
in the body. If the body is still subjected to external forces and
pressure and after gaining ultimate stress of the material, then it
begins to cracks and eventually fails. Maximum deflection is the
deflection in which occurs just before ultimate failure. Therefore,
maximum deflection can also be a measure of the load-carrying
capacity of a body. Externally strengthened test specimens exhibit
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Fig. 8. The flexural properties of the test specimens with top coating; (a) Ultimate flexural stress, (b) failure strain, (c) Strain energy density at failure.

higher strain during ultimate failure because of the elastomeric
coating on the impact face, which exhibits high strain capacity.
The enhanced strain capacity of the concrete specimens that is
attributed to the additional confinement effect is provided by PU.
The average strains during ultimate failure are plotted in Fig. 8
(b), which clearly shows that strain during ultimate failure
increases significantly with the increasing thickness of the PU
layer. Enhancement under impact condition is lower than that
under quasi-static condition because of the strain rate sensitivity
of both materials [3,26,27,32,60,61].

3.1.3. Strain energy density

A common method of comparing dynamic mechanical proper-
ties under different load conditions is by considering strain energy
during ultimate failure. In addition, strain energy density can be
correlated with the ductility of a test specimen. Strain energy can
be computed by integrating the area underneath the stress—strain
curve [72]. The variation in cumulative strain energy with strain is
presented in Fig. 7(b) under both quasi-static and impact condi-
tions. In this research, the strain energy values during ultimate fail-
ure are reported by comparing the responses under two test
conditions (quasi-static and impact). Strain energy recorded under
quasi-static are higher than those recorded under impact, because
of the higher failure strain under quasi-static conditions, which

reflect the universal rate sensitive behaviour of most of the mate-
rials [5,27,32,60,61,73]. A noticeable increase in strain energy dur-
ing ultimate failure is observed under both loading conditions. As
the thickness of the PU layer increases, the strain energy formed
as a result of the enhanced strain work increases linearly with
PU layer thickness. Therefore, the strain energy per unit thickness
of the PU layer on the impact face can be used as a parameter to
quantify the resistance of coated concrete specimens against
impact loads. The tested uncoated concrete specimens failed with
average strain energy per unit volume of 0.0157 MJ/m® and
0.0138 MJ/m® under quasi-static and impact conditions, respec-
tively. All PU-coated concrete specimens failed at higher strain
energy density values, which is caused by the enhancement in
strain capacity along with coating thickness. Fig. 8(c) shows the
plot of the average cumulative strain energy during the ultimate
failure of each test specimen. This results clearly show that the
presence of a PU layer on the impact face significantly improves
the structural capacity and impact resistance of concrete. There-
fore, the application of PU coating on the impact face contributed
positively to enhancing strain energy in the coated concrete spec-
imens. Evidently, energy dissipation is shared between the con-
crete and the PU coating, thereby increasing deflection. This
finding demonstrates the beneficial contribution of the PU layer
in terms of energy absorption. Therefore, the toughness of the
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concrete specimens is remarkably improved with the PU coating
and subsequently increases with the increasing thickness of the
PU layer.

3.1.4. Failure mode and crack propagation profile

In terms of cracks during ultimate failure, only flexural cracks
were formed and no shear crack was observed (neither diagonal
nor direct shear). The crack propagation patterns that formed in
the specimens are presented in Fig. 9. In all the cases, except for
the uncoated specimen under impact condition, one critical crack
existed closest to the mid-span of the concrete specimens. Two
major flexural cracks were formed on the uncoated sample under
impact condition. These crack lines are stretched across the entire
bottom face (Fig. 10). The PU coatings applied on the top face of the
concrete specimens were undamaged. This result may be
explained by considering the application of loads because coating
the impact face (front face) with PU is loaded in compression.
When confined PU is loaded during compression, its bulk stiffness
increases, thereby attaining good impedance match with the con-
crete specimen. Debonding was not demonstrated in any speci-
men. Therefore, the thickness of the PU layer on the impact face
does not affect the debonding of PU. The concrete surface was only
dusted prior to applying PU coating. The PU material bonded well
with concrete even with minimal surface preparation. The crack
width on the bottom face of the test specimens was increased with
the thickness of the PU coating, which was another co-relative
indicator for the maximum deflection (strain) of the specimens.
Because, PU coating increases the load carrying capacity of the
beam which provide capability to sustain high strains in the tensile
face (enhanced flexural capacity) of the beam. Therefore beams can
deflect more and when beam fails, it shows wider crack width at
the tensile face compared to uncoated sample. Correspondingly,
higher coating thickness provide higher enhancement in their flex-
ural capacity, whereas the crack width increases with increasing
coating thickness. Meanwhile, more drastic fragmentation effects
were observed under impact condition compared with the
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(b)

Fig. 10. The crack propagation of the control test specimens on bottom face, (a)
quasi-static, (b) dynamic.

behaviour under quasi-static condition. The PU coating on the
top face significantly enhances the stability level of the concrete
element even after the concrete element is cracked. Therefore, an
increase in the thickness of the coating on the impact face provides
a significant advantage in terms of enhancing resistance against
impact loads. An effective protection level can be achieved by con-
trolling coating thickness properly.

3.2. Coating on the rear face

This section examines the effect of coating thickness on the rear
face on the dynamic resistance of concrete elements. As described
earlier, specimens B1, B2, and B4 are similar to T1, T2, and T4,
except that the former specimens are coated on their bottom

Fig. 9. The crack and crack propagation of the test specimens with top coating (T2-L, (T) coating face, (2) coating thickness, (L) strain rate condition).
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surface. Similar to other specimens, B1, B2, and B4 were subjected
to two different strain rates (0.00033 s~! and 0.067 s~!). However,
the dynamic resistance mechanism of these test specimens differs
considerably with those of previous specimens. In B1, B2, and B4,
loads and pressure will have pass through the concrete element
before reaching the PU coating; thereby compressing concrete
and increasing stiffness of the concrete, and subsequently, increas-
ing the amount of the absorbed energy by concrete. Part of this
energy is transferred to the PU layer which goes under tension.
Then, the loads and pressure pass through the PU layer and are
reflected on it free face as tensile release waves, thereby signifi-
cantly decreasing the shear stiffness of the PU, and concurrently,
substantially increasing its dissipative capability as a result of its
viscoelasticity.

Fig. 11(a) shows the plot of the stress-strain relationship of the
coated and uncoated test specimens under quasi-static and
dynamic conditions. Similar to the observation in the previous sec-
tion, higher stiffness and higher ultimate stress were recorded
under impact condition compared with under quasi-static condi-
tion, whereas specimen deflection is relatively lower. The response
of the test element is significantly influenced by the thickness of
the PU coating under both test conditions, while an increase in
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Fig. 11. The mechanical responses of the test specimens with coating on bottom
face (a) stress-strain (b) cumulative strain energy-strain: (B2-L, (B) coating face, (2)
coating thickness, (L) strain rate condition).
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toughness is demonstrated. The stress-strain responses of the
PU-coated concrete specimens under quasi-static condition exhibit
an abrupt reduction in flexural strength after gaining reasonable
strain with a flexural strength that is approximately equal to the
ultimate flexural strength of the uncoated specimen. This finding
shows that although the concrete specimen has cracked, PU-
coated specimens can still resist load and pressure up to an addi-
tional strain level because of the high tensile capacity of PU com-
pared to that of concrete. The additional strain capacity of the
coated specimens increases with coating thickness as shown in
the stress-strain responses. However, this behaviour was not
observed under impact condition, because when concrete beam
fails, crack is formed in the tensile face of the beam and subse-
quently high tensile stress concentration will form in the PU layer
along the crack line due to the sudden impact load, and subse-
quently failure of the PU layer. An important consideration in the
dynamic mechanical response of the coated concrete specimens
is the increase in failure strain and the enhancement of the total
strain energy with respect to the response of the uncoated concrete
specimens.

3.2.1. Ultimate flexural stress

The stress—strain response showed that the uncoated specimen
achieved its ultimate failure immediately after maximum flexural
strength under quasi-static condition. By contrast, the ultimate
failure was not occurred immediately after maximum flexural
strength of PU-coated specimens under quasi-static condition.
Generally, ultimate flexural stress occurred immediately before
the concrete specimen cracked, though the PU coating is not failed.
In coated specimens, although the concrete specimen cracked, the
un-failed PU layer could still resist load and pressure up to a signif-
icant strain level before it eventually fail. Under impact condition,
ultimate flexural stress was attained immediately before failure in
all the test specimens in each test configuration. Fig. 12(a) presents
the average ultimate flexural strength of the test specimens under
both strain rate conditions. The figure clearly shows that the ulti-
mate flexural strength under impact condition is higher than that
under quasi-static condition in each coating configuration. This
behaviour is similar to that observed when the impact face is
coated. Under quasi-static condition, a significant difference was
not noticed in the ultimate flexural stress when coating thickness
was increased up to 10% of the thickness of the concrete specimen.
Under impact condition, however, 4.4% and 10.3% strength
enhancement was exhibited for the 2 mm- and 4 mm-thick PU
coatings, whereas no enhancement was observed for the 1 mm-
thick coating.

3.2.2. Failure strain

The maximum deflection and strain energy enhancement
among strengthened test specimens imply that the damages sus-
tained by the coated specimens are higher. Similar to the observa-
tion in previous section, PU-coated test specimens exhibited higher
strain during ultimate failure because of the additional confine-
ment effect on the tension face of the concrete beam. Fig. 12(b)
presents the average strains during ultimate failure of different
coating configurations under both quasi-static and impact condi-
tions. Under quasi-static condition, enhancements of the failure
strain at 6.9, 8.6, and 14.8 times were achieved by specimens B1,
B2, and B4, respectively, compared with the uncoated one. Subse-
quently, failure strain was enhanced by factors of 2.9, 3.3, and 5.2
compared with the uncoated sample under impact condition. Sim-
ilar to the observation in the previous section, lower strain
enhancement was exhibited under impact condition compared
with under quasi-static condition because of the strain rate sensi-
tivity of both materials. The enhancement under quasi-static con-
dition is higher than that observed in the previous section with the
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Fig. 12. The flexural properties of the test specimens with PU coating on bottom face; (a) Ultimate flexural stress, (b) failure strain, (c) Strain energy density at failure.

same thickness when coated on the impact face. Therefore, the
application of PU coating on the impact face contributed positively
to enhancing strain energy in the coated concrete specimens. How-
ever, enhancement under impact condition is lower than that
observed in the previous section. This result implies that coating
position is another important criterion that governs the efficiency
of dynamic resistance. Though, these findings evidently show that
the application of PU coating on the rear face also significantly
enhances the strain capacity of concrete elements.

3.2.3. Strain energy density

Fig. 11(b) compares the variation of cumulative strain energy
with strain under both quasi-static and impact conditions. All the
PU-coated concrete specimens exhibited strain capacities higher
than that of the uncoated specimen under both loading conditions,
which can be attributed to the increase in strain capacity along
with coating thickness. The comparison of the average strain
energy densities during the ultimate failure of the test specimens
with their coating thickness are presented in Fig. 12 (c). Strain
energy density increases linearly with PU layer thickness under
both quasi-static and impact conditions. This result clearly shows
that applying a PU layer on the rear face of the specimens signifi-
cantly improves the dynamic resistance of concrete. Evidently,
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the properties of a concrete element are increased, thereby increas-
ing energy dissipation, which is shared between the concrete and
the PU coating, and thus, is deflected more. Furthermore, strain
energy density was lower under impact condition than under
quasi-static condition by factors of 0.88, 0.40, 0.33, and 0.33 for
the uncoated specimen and the specimens coated with 1, 2, and
4 mm-thick PU, respectively, thereby demonstrating the conver-
gence of this ratio with increasing coating thickness. Although
the enhancement of the strain energy density of the specimens
coated on the bottom face is higher than that of the specimens
coated on the top face under quasi-static condition, the respective
values are lower under impact condition. A similar behaviour was
observed in strain enhancement as discussed earlier. Therefore, a
conclusion can be drawn that the application of PU coating on
the rear face contributes positively to enhancing the strain energy
of concrete specimens, and that such enhancement increases with
increasing PU layer thickness.

3.2.4. Failure mode and crack propagation profile

In terms of cracks during ultimate failure, only flexural cracks
were formed and neither diagonal nor direct shear crack was
observed similar to previous cases. Fig. 13 shows the crack propa-
gation patterns formed in the specimens under both conditions. In



H.M.C.C. Somarathna, S.N. Raman, D. Mohotti et al.

Construction and Building Materials 270 (2021) 121860

Fig. 13. The crack and crack propagation of the test specimens with bottom coating (T2-L, (T) coating face, (2) coating thickness, (L) strain rate condition).

all the cases, one major crack existed closest to the mid-span of the
concrete specimens. The crack lines stretch fully across the bottom
face. PU coatings were applied on the tension face of the concrete
specimens; hence, the failure of the PU layers was found to have
the same crack line of the concrete element shown in Fig. 14. All
the cracks recorded under impact condition are wider than those
recorded under quasi-static condition due to the drastic failure
behaviour of concrete under impact conditions. Because concrete
shows high fragmentation, with severe cracks (deeper and wider
cracks) under high strain rate conditions than quasi-static condi-
tion. Although the PU layers failed, the coatings remained com-
pletely intact and still bonded well with concrete. The crack
width on the bottom face of the test specimens increased with
the increasing thickness of the PU coating because the coated ele-
ment could have withstood higher strain when coating thickness
was high. Visual examination shows that the PU resin wet the con-
crete surface well at the initial stage. In addition, scanning electron
microscopy analysis showed that PU resin was able to penetrate
through the porous structure within the concrete because of its
low viscosity. The microscopic image of the interface between
the concrete substrate (A) and PU resin (B) is shown in Fig. 15(a),
which shows the spread of PU resin over the concrete substrate
to make perfect contact with the uneven concrete surface. The

5

Fig. 14. The crack propagation of the test specimens on bottom face which contain
PU layer on bottom face.
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interaction of PU with the porous concrete within the concrete
substrate is indicated in Fig. 15(b), which shows that the PU
sprayed through the porous concrete well and gained additional
confinement by spreading the polymer matrix within the concrete
by bonding with cement and aggregates directly. This additional
PU matrix within the concrete also provided an additional confine-
ment effect for the concrete, which enhanced the toughness and
strain capacities, and consequently enhance the tensile strength
and flexural capacity of the material. Furthermore, the PU coating
on the bottom face significantly enhanced the stability level of the
concrete element even after the concrete element was cracked,
since coating holds the broken concrete parts together and reduces
fragmentation effect. Therefore, all the test specimens coated with
PU on the rear face could sufficiently enhance their dynamic
mechanical resistance in terms of stability and their capability to
dissipate loads and pressure.

3.3. Coating on both faces

This section examines the influence of the thickness of the PU
coating on both sides of the concrete element on dynamic resistiv-
ity. Specimens T1B1, T2B2, and T4B4 are combinations of speci-
mens T1, T2, and T4 and B1, B2, and B4. T1B1, T2B2, and T4B4
were coated on both their top and bottom faces with 1, 2, and
4 mm-thick PU, respectively. Similar to the other test specimens,
T1B1, T2B2, and T4B4 were subjected to two different strain rates,
and their dynamic resistivity was observed and discussed as fol-
lows. The typical flexural stress-strain responses of the test speci-
mens are shown in Fig. 16(a), which provides a comparison of the
stress-strain curves of the uncoated and coated specimens under
quasi-static and impact conditions. A significant difference in the
mechanical response of the test specimens was observed with dif-
ferent coating thicknesses under both tested loading conditions.
Similar to those in the previous sections, stiffness and ultimate
stress were higher under impact condition than under
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quasi-static condition, whereas deflection was lower. Under quasi-
static condition, a similar observation was made on the stress—
strain response of the test specimen coated on the bottom face.
The stress-strain curve of the specimens coated with 1 mm- and
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Fig. 16. The test specimens with top and bottom coatings (a) stress-strain (b)
cumulative strain energy-strain: (T2-L, (T) coating face, (2) coating thickness, (L)
strain rate condition).

12

Construction and Building Materials 270 (2021) 121860

(b)

Fig. 15. The section of the interface of PU and concrete (a) interface between concrete substrate, (b) interaction of PU with porous concrete.

2 mm-thick PU exhibited a sudden reduction in flexural strength
after attaining a flexural strength that was slightly higher than
the ultimate flexural strength of the uncoated specimen, in which
the concrete sample cracked. This result shows that although the
concrete specimen has cracked, the PU-coated specimens can still
resist certain load and pressure up to significant strain level
because the un-failed PU layer holds the cracked concrete elements
together until the PU layer loses its structural capacity. However,
this behaviour was not demonstrated by the specimen coated with
4 mm-thick PU on both sides, thereby showing that its ultimate
failure occurred immediately before failure, which is dissimilar to
the specimens with 1 mm and 2 mm thick coatings on both faces.
Because the increase in thickness has resulted significant enhance-
ment in the tensile capacity of concrete in the bottom face which
can resist high strains. But, when concrete beam fails, it created a
wide crack suddenly, and subsequently sudden enhancement of
the tensile stress concentration, and subsequently enhancement
in strain of PU along the crack line. Therefore, sudden failure of
PU layer was shown while gap between the time of the failure of
concrete and PU was not shown. The stiffness of the test specimens
decreased with increasing coating thickness under both quasi-
static and impact conditions, whereas a slight increase in ultimate
flexural stress was exhibited

3.3.1. Ultimate flexural stress

The stress-strain responses showed that the specimens
attained their ultimate flexural strength immediately before failure
of concrete and before their ultimate failure. Under quasi-static
condition, when a PU layer is applied on the rear face of a speci-
men, although the concrete specimen will crack, the un-failed PU
layer can still resist certain load and pressure up to a significant
strain level until it eventually cracks except type T4B4 as afore-
mentioned, which highlights the requirement of proper control
of the coating thickness. Under impact condition, all the test spec-
imens in each test configuration attained ultimate flexural stress
immediately before failure. The average ultimate flexural strengths
of the test specimens are presented in Fig. 17(a). For each coating
thickness, a higher ultimate flexural strength was observed under
impact condition than under quasi-static condition. Unlike in the
previous section, enhancement of the ultimate flexural stress
under quasi-static condition was exhibited at 5% and 23% in the
specimens coated with 2 mm- and 4 mm-thick PU compared with
the uncoated specimen, whereas no enhancement was observed in
the specimen coated with 1 mm-thick PU. The uncoated specimen
attained its ultimate flexural stress immediately before failure,
whereas those coated with 1 mm- and 2 mm-thick PU reached
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Fig. 17. The flexural properties of the test specimens with top and bottom coatings; (a) Ultimate flexural stress, (b) Failure strain, (c) Strain energy density at failure.

their ultimate failure after the concrete specimen was cracked, but
the PU layer remained un-failed. However, when coating thickness
on both sides was 4 mm, the ultimate flexural strength occurred
immediately before failure, thereby indicating the simultaneous
failure of the concrete specimen and the bottom PU layer. In addi-
tion, the maximum flexural stress was enhanced by 7.5%, 15%, and
15% compared with the uncoated specimen under impact
condition.

3.3.2. Failure strain

Fig. 17(b) shows the plot of the relationship of the average
strain during ultimate failure of the test specimens with coating
thickness. The strain during ultimate failure of the test specimens
increases with coating thickness under both quasi-static and
impact conditions similar to the observation in the previous sec-
tions. Under quasi-static condition, the strain during ultimate fail-
ure exhibited by specimens T1B1, T2B2, and T4B4 was 8.5, 13.7,
and 18.1 times that of the uncoated specimen (CON). Subse-
quently, enhancements of 8.0, 8.9, and 16.7 times were demon-
strated under impact condition. Therefore, externally
strengthened test specimens exhibited higher strain because of
the elastomeric coating applied on both faces. This coating has high
strain capacity, which enhances the strain capacity of the concrete
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specimens because of the additional confinement effect provided
by the PU matrix on both sides of the concrete element. Failure
strain was lower under impact condition than under quasi-static
condition by factors of 0.68, 0.64, 0.45, and 0.63 for the uncoated
specimen and those coated with 1, 2, and 4 mm-thick PU, respec-
tively. In the previous cases, the ratio of failure strain under impact
and quasi-static conditions decreased with increasing coating
thickness up to 10% compared with the thickness of the concrete
specimen. A similar behaviour was observed, which exhibited a
reduction of up to 10% of the coating layer. However, the ratio
was increased when the coating layer thickness was 20% because
of high enhancement of strain under impact condition compared
with the 5% and 10%. Simultaneously, this result implies that a
higher coating thickness provides higher deflection capability to
the element, which reduce fragmentation, and withstand frag-
ments through the coating, which are major causes of casualties.
These observations indicate the stability of the PU-coated struc-
tural elements even after cracking and the effectiveness provided
by coating thickness.

3.3.3. Strain energy density
The variations of cumulative strain energy with strain are pre-
sented in Fig. 16(b) under both quasi-static and impact conditions.
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Fig. 18. The crack and crack propagation of the test specimens with coatings on both top and bottom faces (T2-L, (T) coating face, (2) coating thickness, (L) strain rate

condition).

PU-coated test specimens exhibited higher strain energy density
during ultimate failure because of the good energy dissipative
capability of PU and the additional confinement effect in the con-
crete provided by the PU matrix within it. Fig. 17(c) compares
the average strain energy densities during ultimate failure of dif-
ferent coating configurations under both quasi-static and impact
conditions. Strain energy was enhanced by factors of 9.3, 11.3,
and 21.2 under impact condition compared with the uncoated
sample. This result is in good agreement with the current strength-
ening technique, which shows that strain energy absorption is con-
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siderably higher than that absorbed by the uncoated specimen. A
lower enhancement was observed under impact condition than
under quasi-static condition because of the strain rate sensitivity
of PU and concrete. In particular, the strain energy during failure
under impact condition is lower by factors of 0.88, 0.82, 0.69,
and 0.68 compared with that under quasi-static condition for the
uncoated specimen and those coated with 1, 2, and 4 mm-thick
PU, respectively. These findings evidently show that the applica-
tion of PU coating on both faces significantly enhances the strain
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Fig. 19. The enhancements compared to uncoated specimen; (a) failure strain, and (b) ultimate strain energy density.
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Table 5
Summary of the comparisons undertaken using PU coated concrete specimens.
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Coating location Failure strain

Strain energy density

Equation R? Equation R?
Impact face y =1.5422x 0.9606 y = 1.8803x 0.9852
Rear face y = 1.0904x 0.9484 y =1.2687x 0.9551
Both faces y =2.0277x 0.9521 y=2.6119% 0.9583

energy capacity of concrete elements, which results in low kinetic
energy, and subsequently, reduces the velocity of fragments.

3.3.4. Failure mode and crack propagation profile

The crack patterns formed on the specimens are presented in
Fig. 18. The coating remained completely intact and still bonded
well with the concrete even after the coated test specimens failed.
Similarly, as discussed in the previous sections, one major crack,
which was located closest to the mid-span of the test specimens,
was observed in each test specimen. None of the evaluated speci-
mens exhibited shear crack nor shear failure (neither diagonal
nor direct shear). The PU layers on the top face of the concrete
specimens were inspected and found undamaged. On the bottom
face, the failure of the PU layers occurred along the same crack line
of the concrete element. Except along the major flexural crack, the
PU layers exhibited nearly no damage under both loading condi-
tions in all the coating configurations. Crack length and crack
width on the bottom face during ultimate failure of the test spec-
imen increased with PU coating as observed in the previous sec-
tions because specimens deflected more at failure due to the
enhancement of flexural capacity when coating thickness was
higher. Debonding was not observed in any specimen; therefore,
the thickness of the PU coating on both faces did not affect the
debonding of PU.

According to the overall findings of the PU coated concrete
specimens, significant enhancement was not shown in the ulti-
mate flexural strength up to 2 mm thick coating (10% from beam
depth) under impact condition. The enhancement in the ultimate
flexural strength was about 10% when 4 mm PU coating (10% from
beam depth) is applied on impact face or rear face, while 15%
enhancement was shown when PU coating was applied on both
faces with equal coating thickness. However, adding small thick-
ness of PU coating has enhanced both failure strain, and ultimate
strain energy density under impact condition. Enhancements of
failure strain, and ultimate strain energy density compared to
uncoated specimen are represented in linear correlations repre-
sents against coating thickness in Fig. 19(a), and Fig. 19(b) respec-
tively. The equations and coefficient of determination, R?, obtained
for each property from the linear correlation of each property are
indicated in Table 5. Application of coating on both faces provided
the highest enhancement, while coating on rear face provides low-
est enhancement. However, the coating location can be decide
based on the applicability of PU coating on faces of real structures.
Applicability of PU coating on a face depends on the factors such as
the coating application location feasibility, and cost for the equip-
ment, techniques, and expertise. As shown in Fig. 19 and in Table 5,
a suitable coating location and coating thickness can be selected
based on the expected and required enhancement in failure strain
and strain energy density of concrete element.

4. Conclusions

This work investigated the flexural behaviour of elastomeric
bio-based PU coated (unreinforced) concrete specimens with vary-
ing coating thicknesses and coating configurations under dynamic
loading conditions (strain rates of 0.00033 s~! and 0.067 s~!). The
PU layer provided a positive effect to the behaviour of the speci-
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mens, under both quasi-static and impact conditions; this tech-
nique provides higher strain capacity and strain energy density
as well as marginal enhancement of ultimate flexural stress. Under
impact conditions, with 4 mm thick coating (10% of total coating
thickness compared to the total beam depth), a strength enhance-
ment by a factor of 1.1, 1.1 and 1.15 can be achieved when PU coat-
ing is applied on impact face, rear face and both faces (with equal
coating thickness) respectively. Also, the strain during ultimate
failure can be enhanced by 6.8, 5.2, and 8.9 times with similar coat-
ing configuration as aforementioned. Accordingly, an enhancement
of strain energy density of 8.2, 5.8, and 11.3 times were observed
under impact condition compared with the uncoated concrete
specimen. As the thickness of the PU layer was increased, the strain
energy formed as a result of the enhanced strain work increases
nearly linearly with PU layer thickness. Therefore, the strain energy
density per unit thickness of the PU layer on either face can be used
as a parameter to quantify the resistance of coated concrete spec-
imens against impact loads. The enhancement of the failure strain
and ultimate strain energy density can be presented as linear cor-
relation with coating thickness, which the required coating thick-
ness can be decide based on the expected enhancement in those
properties. The overall enhancement was highest when the coating
was provided on both faces, while coating on rear face provided the
lowest enhancement under high strain rate condition. However,
coating location can be decide based on the applicability of PU
coating on faces of real structures. Debonding was not observed
in any specimen, which implies better bond characteristics even
under impact conditions, and the thickness of the PU layer on
any face does not affect the debonding of PU. Even with minimum
coating thickness (2.5%), drastic fragmentation effects can be
reduced, as coating holds the broken concrete parts together. A
conclusion can be drawn from these findings that the bio-based
PU coating technique provides a feasible and sustainable solution
for protecting concrete structures subjected to dynamic loads.
The application of a bio-based PU layer (either on the impact face,
rear face, or on both faces of the concrete specimens) increases
dynamic resistance of a concrete element, which can be enhanced
by increasing coating thickness on either side of the concrete
element.
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