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To raise the tensile strength of cement mortar and concrete, we conducted 
a series of experiments in which suitably formulated epoxy resins were 
added to standard cement mortar and to selected concrete mixes. Tensile 
and compressive strength measurements were made on various formula
tions, and strengths were determined as a function of epoxy-added con
tent. Both tensile and compressive strengths are appreciably increased 
by additions of epoxy to cement mortar and concrete. These additions 
are 5 and 10 percent by weight of mortar for the cement mortar and 
concrete respectively. The effects of polymer additions on aggregate
paste bond have been studied by use of a scanning electron microscope. 
The influence of the epoxy on workability, stiffness, and water absorption 
is also discussed. 

Various methods have been proposed in recent years for 
improving the strength characteristics of cement-mortar 
and cement-concrete systems. One technique involves 
removing the water in precast concrete slabs by oven 
drying, evacuating the dried concrete, and then impreg
nating a monomer. This monomer is subsequently poly
merized by radiation, heat, or use of chemical catalysts 
(1, 2, 3). The polymer-impregnated concrete lPIC) sys
tem-develops greater strength and exhibits greater 
freeze-thaw resistance than conventional systems. How
ever, these products are expensive to produce, and the 
methods are not directly applicable to field use. 

Another technique that is more economical and more 
applicable for field use is to directly add a polymer com
ponent to cement or concrete during the mixing operation. 
This final product is a polymer-portland cement-concrete 
(PPCC). It has been stated that PPCC systems have 
shown limited promise of improvement unless high con
centrations of polymer are added (1). Most of the PPCC 
systems reported in the literature have involved the ad
dition of a polymer in the form of emulsions or natural 
or synthetic latexes; polyvinyl acetate has been one of 
the preferred materials for this application (~. 
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In this investigation, epoxy systems that are capable 
of being converted into a three-dimensional network 
structure are used as the polymer component to produce 
higher strength polymer-cement mortars and higher 
strength polymer-cement concretes. These particular 
PPCC systems have several advantages. First, both the 
resin and the hardener can be obtained in the form of rel
atively low-viscosity liquids that can be easily incorpo
rated with the other ingredients-cement, water, sand, 
and gravel-in the mixing operation. Second, epoxy sys
tems can be selected that, at ambient temperature, will 
cure in time to a three-dimensional network without ap
preciable shrinkage. Third, by the addition of a liquid 
epoxy component, the amount of mixing water can be re
duced without serious detriment to workability. Further
more, the epoxy resin and the hardening agent can readily 
be premixed before incorporation into the cement-water
aggregate system. 

This paper emphasizes the amount of strength im
provement that can be expected from epoxy-cement mor
tars and epoxy-cement concretes. In addition, the use 
of the scanning electron microscope (SEM) to provide in
formation about the nature of the microstructure in these 
samples is discussed. SEM techniques have been used 
with some success in nonpolymer cements (4, 5, 6), and 
these techniques have been used with elecb·oi.1 microscope 
techniques (1.., !!_, _!!) to provide useful information about the 
microstructure. Observations of fracture-surface mor
phology are used to interpret the tensile and compressive 
strength data and to clarify the role played by addition of 
the epoxy component. Some aspects of this study relative 
to epoxy-cement mortar systems have been previously 
described (10, 11), and other aspects pertaining to epoxy
cement concrete systems have been presented elsewhere 
(11, g, 13). 

COMPOSITION OF TEST SPECIMENS 

In this study, the cement was type 1 portland cement, the 
sand was a graded natural sa.nd, and the coarse aggregate 
was a 19.05-mm (%-in) graded crushed stone. The liquid 
epoxy resin was a diglycidal ether of bisphenol A. Several 
hardeners were tried, and the one found to give the best 
results was a liquid-curing agent, di-~-hydroxyalkylamine. 



The liquid hardener was blended with the liquid epoxy 
resin of low molecular weight in a stoichiometric ratio 
of 100 :7 5 shortly before addition to the cement or con
crete mix. 

'l\vo series of epoxy-cement mortar samples were 
prepared. The composition of the samples in each of 
these series is given in Table 1. In series B specimens, 
the cement:sand:water ratio was maintained constant at 
1:2.75:0.3, and percentages of epoxy by weight of mortar 
from O to 15 percent were added. In the series E speci
mens, the amount of sand was maintained constant, and 
a higher water to cement ratio was adopted. However, 
as the epoxy was added, the amounts of water and cement 
present were reduced as indicated in Table 1. Thus, 
series El specimens are epoxy-free cement-mortars, 
and series E6 specimens are cement-free polymer 
mortars. 

The composition of the epoxy-cement concretes is 
given in Table 2. Again, samples were prepared from 
two different test series, designated B* and C*. In 
series B*, the cement:sand:aggregate ratio was main
tained constant at 1:2.68:4.26, and ratios of epoxy vary
ing from O to 15 percent by weight of the mortar and 0 
to 64.1 percent by weight of cement were added. The 
water to cement ratio was not maintained constant in 
this series, but was varied, as given in Table 2, to 
maintain an approximately constant slump of 76.2 to 
88.9 mm (3 to 3. 5 in). In test series C*, the cement: 
sand:aggregate ratio was held at 1:1.62:2.44, and the 
water to cement ratio was gradually reduced from a 
high initial value of O. 67 to a final value of O .15 as the 
polymer to cement ratio was increased as given in Table 
2. Thus the percentage of water replaced by epoxy 
varied from O percent for test series C*l to 77. 7 per
cent for test series C*6. 

EXPERIMENTAL PROCEDURE 

For the polymer-cement mortar specimens, the dry 
sand and fresh cement were mixed by hand, and then the 
desired amount of water was added until a uniform mix
ture was obtained. The blended epoxy resin and hard
ener were added in the desired proportions, and mixing 
continued until a uniform dispersion was attained. The 
fres hly mixed epoxy-cement mortar was placed in cy
lindrical molds 50.8 mm (2 in) in diameter and 101.6 mm 
(4 in) in length. The material was compacted by tamping 
repeatedly with a circular rod. The molded specimens 
were maintained in a moist atmosphere (100 percent RH) 
for 24 h and then removed from the molds and stored 
under water until ready for testing. 

For the epoxy-cement concrete specimens, the mix
ing procedure was essentially as indicated above; the 
coarse aggregate was added after the polymer-cement 
mortar had been formed. Mixing was continued until a 
uniform dispersion was achieved. Test specimens were 
prepared from the mix by putting the mix into steel molds 
152.4 mm {6 in) wide and 304.8 mm (12 in) high and stor
ing the molds unde1· moist conditions (100 percent RHL 
After 24 h, the specimens were removed from the molds 
and kept in the moist room until ready for testing. 

A hydraulic testing machine was used to carry out 
both compressive tests and tensile-splitting tests for 
specimens in all series listed in Tables 1 and 2 and for 
specimens aged 7 and 28 d. In most cases, three to four 
specimens were tested for each specific composition and 
for each age level. For the compression tests, the ends 
were capped with bond about 2 h before the test, and an 
aligning device was used to ensure perpendicularity of 
the caps to the axis of the specimen in accordance with 
ASTM requirements. 

The fracture surfaces of a number of specimens from 
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the tensile-splitting tests were examined by using the SEM 
with a secondary electron or emissive mode of operation. 
Before examination under the microscope, the fracture 
surfaces were coated with carbon and platinum-gold in a 
vacuum evaporator. SEM micrographs were taken at a 
variety of magnifications to resolve as completely as 
possible the nature of the microstructure and the effi
ciency of the bond between matrix and aggregate. 

Test Results for Epoxy-Cement Mortars 

The average tensile and compressive strengths for the 
series B epoxy-cement mortar specimens are shown as 
a function of resin-added content in Figure 1. The rela
tively low value for the 28-d compressive strength of the 
cement-only mortar (o percent added resin) may reflect 
the difficulties encountered when trying to obtain a uni
form mix by using low water to cement ratios. From 
these test results, it is evident that appreciable increases 
in stre ngth were realized for an epoxy-added conte11t 
(based on weight of mortar) of only 5 percent . These in
creases in strength are approximately proportional to 
epoxy content up to 5 percent, but higher percentages of 
epoxy content gave iio additional improvement. 

SEM micrographs of the fracture surfaces for three 
tensile-splitting test samples are shown in Figure 2. 
The fracture surface of the cement-mortar specimens 
(BO series) is quite granular in nature, and the fracture 
appears to have bypassed most of the sand particles. The 
fractured sand particles in the Bl series indicate that the 
2 percent additions of epoxy resulted in some improve
ment of the bond between the cement matrix and the sand. 
The fracture surface of the B2 series containing a 5 percent 
addition of epoxy shows many such fractured sand grains 
and less evidence of fracture occurring around the grains. 

It can be concluded that addition of the epoxy to the 
mortar has at least two beneficial effects. First, by in
creasing the liq11id component available (wa te r plus liquid 
epoxy), workability has bee.n improved and a more uni
form dispersion of the various components throughout the 
matrix has been achieved. Workability alone could have 
been increased by simply adding water, but excess water 
tends to decrease strength and to increase porosity. 
Second, because of the presence of many fractured sand 
particles on the fracture surfaces of the epoxy-modified 
specimens, the bond of the matrix to the fine aggregate 
appears considerably improved. For the 28-d cured 
specimens, tensile strengths increased about 90 percent, 
and compressive strengths increased over 125 pe1·ce11t 
by the addition of only 5 percent epoxy (by weight of the 
mortar) to the mix. This is a considerable improvement 
and may justify the added costs of the epoxy-modified 
mortar in critical applications in which high tensile 
strengths and compressive strengths are desired. 

The average tensile and compressive strengths of test 
samples from series E epoxy-cement mortars are shown 
in Figure 3 as a function of resin replacement of the 
cement-water phase. Fo1· the cement-only (O percent 
resin) mortar specin1eus, t·he 28-d tensile and compres
sive strength values are higher than those for the control 
specimens (O percent resin) of test series B. Thus, 
further evidence is provided by the low strength values 
of the BO series that too low a liquid content does not 
give adequate workability and uniform dispersion. For 
the El series with a water to cement ratio of 0.4, work
ability is greatly improved. As shown in Figure 3, the 
data indicate a minor strength improvement with 20 per
cent epoxy replacement, but with replacements in the 
range of 40 to 60 percent both the 7 and 28-d strength 
values are diminished. One possible reason for this be
havior is that the higher resin content interferes with the 
hydration of the cement, and hence a continuous cement 
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gel is not maintained. At still a higher percentage of 
epoxy replacements, the average 28-d strength values 
rise quite sharply; however, this is not the case for the 
7-d strength values. The large differences between the 
7 and 28-d strength values indicate that the epoxy cures 
only with time and under ambient conditions. If it is de
sired to accelerate the curing time, this could be done 
by post-curing at elevated temperatures or possibly by 
adding a known accelerator to the epoxy formulation. 

Although the epoxy-mortar specimens of the E6 series 
exhibit greater tensile and compressive strengths than 

Table 1. Composition of epoxy-cement mortar, 

Epoxy Content (~) 

Specimen Cement:Sand:Water Cement 
Mortar Series Ratio 

BO 
Bl 
B2 
B3 
B4 

El 
E2 
E3 
E4 
E5 
E6 

1:2 .75:0.3 
1:2 .75:0.3 
1:2.75:0.3 
1:2.75:0.3 
1:?..75:0.3 

1:2.75:0.4 
0.8:2.75:0.32 
0.6:2.75:0.24 
0.4:2.75:0.16 
0.2:2.75:0.08 
0:2.75:0 

Table 2. Composition of 
epoxy-cement concrete. 
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the strengi:hs of the cement-mortar specimens in test 
series E, it is somewhat surprising that the differences 
are not greater. For example, the average compressive 
strengths of specimens in the E6 series are about 59.3 
MPa (8600 lbf/in 2

), while the attained compressive 
strengths of specimens in the B2 series with only a 5 
percent addition of epoxy are about 55.2 MPa (8000 lbf/ 
in2

). The SEM micrographs resolved the question as to 
why higher values were not obtained for specimens of the 
E6 series with an epoxy matrix of 100 percent. 

Figure 4 shows low magnification SEM micrographs 
of specimens from test series El (no epoxy), E3 (40 
pel'cent epoxy), and E6 (100 percent epoxy). For the 
El specimen, a large void is present on the fracture 
surface, and some voids contain hydrated particles as 
well as some fractured and unfractured sand grains. 
However, the bond of the cement paste to the aggregate 
in the E series is superior to the bond in the B series, 
and this accounts for the higher strength values of the 
E series specimens. For sample E3, with the binder 
consisting of 60 percent of a cement-water phase and 40 
percent epoxy, the fracture surface is more powdery and 
has several unfractured sand grains. Thus, the bond of 
ihe matrix to the fine aggregate appears poor, and the 
strength values are minimal. For the E6 sample, with 
only epoxy as the matrix, the matrix is more compact 
and uniform, but there are many small voids on the frac
ture surface. 

A higher magnification, shown in Figure 5, reveals 

Water Replaced 
Series Cement: Sand: Aggregate Water: Cement Resin:Cement by Resin (i) 

FiQure 1. Tensile and 
compressive strengths 
versus resin content for 
series B epoxy-cement 
mortar specimens. 

Figure 2. Scanning 
electron micrographs of 
fracture surfaces of tensile 
splitting specimens of 
series B epoxy-cement 
mortars (left, BO series with 
no epoxy; middle, B1 series 
with 2 percent epoxy; 
right, B2 series with 
5 percent epoxy). 
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1:1.62:2.44 0.15 
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additional features of the microstructure present in the 
cement-mortar specimens and in the epoxy-mortar spec
imens. For the El specimens, large voids are seen 
containing many dentritic hydrate particles as well as 
some fractured sand particles. For the E6 specimen, 
the resin matrix is less powdery and more homogeneous 
than the cement matrix, and the bond to the fine aggre
gate particles is excellent. This factor leads to the 
higher strength values shown in Figure 3. However, 
many small isolated voids are present on the fracture 
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surface, and these presumably exist throughout the bulk 
material. Evidently, the voids are due to the presence 
of air bubbles in the initial mix. If these bubbles could 
be eliminated or reduced by more efficient mixing or by 
evacuating the mix, then higher strength values than 
those shown in Figure 3 for the E6 specimens would be 
expected. Nevertheless, despite the many air pockets, 
the more homogeneous matrix phase in which there is 
good adhesion of epoxy to the fine aggregate is considered 
responsible for the observed strength increases. 
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Figure 4. Scanning electron 
micrographs of fracture 
surfaces of tensile-splitting 
specimens of series E epoxy
cement mortars (left, E 1 
series with no epoxy; middle, 
E3 series with 40 percent 
epoxy replacement; right, 
E6 series with 100 percent 
epoxy replacement). 

Figure 5. High magnificatio~ 
SEM micrographs (28X) of 
fracture surface of tentile
splitting specimens for series 
E epoxy-cement mortars 
(left, E 1 series with no 
epoxy; right, E6 series 
with only epoxy). 

Figure 6. Tensile and 
compressive strengths versus 
resin content for series 8 * 
epoxy-cement concrete 
specimens. 
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Figure 7. High magnification SEM 
micrographs of the fracture 
surfaces of tensile-splitting 
specimens of series 8* epoxy
cement concretes (left, 8*1 series 
with no epoxy; right, 8*4 series 
with 15 percent epoxy). 

0.5mm 

10 
Figure 8. Tensile and compressive 
strengths versus percent of mixing 
water replaced by epoxy for 
specimens of series C* epoxy
cement concretes. 
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Figure 9. Photographs showing fracture modes in compression of 
series C* epoxy-cement concrete specimens (left, C*2 series with 
resin cement ratio of 0.106 and water cement ratio of 0.55; right, 
C*6 series with resin cement ratio of 0.522 and water cement 
ratio of 0.15) . 
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The increase of epoxy content in the resin-cement 
mortars has advantages other than strength alone, Mea
surements of the elastic modulus of specimens in series 
E show that stiffness decreases essentially linearly with 
increasing epoxy content (10). Since the strengths of the 
less stiff specimens with high epoxy content are higher, 
the toughness and energy-absorbing ability of these spec
imens will also increase considerably in comparison 
with the regular cement mortars. Similarly, freeze
thaw resistance should improve as resin content in
creases, since measurements of water absorption in E 
series specimens show that water absorption decreases 
in an essentially linear manner with resin content (10). 
In fact, for the addition of 100 percent epoxy in speci
mens, water absorption is essentially nil. 
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Test Results in Epoxy-Cement Concretes 

The tensile and compressive strengths for B* series 
epoxy-cement concrete specimens are shown as a func
tion of epoxy content in Figure 6. It is evident from these 
data that there is little strength benefit derived from a 5 
or 10 percent addition of epo>ry; however, for a 15 per
cent addition of epoxy (by weight of the mortar), there is 
an appreciable increase in strength. For example, the 
average tensile strength for specimens cured 28 d in
creased 90 percent, and the average compression 
strength increased by 98 percent. From these data 
it is clear that appreciable improvements in the strength 
of the tYmr.rP.tP. r::rn hP. rP.:ili1>.P.d l:iy :ippr0pri:ite :idditi0rrs 
of epoxy while still maintaining sufficient water content 
to hydrate the cement and give good workability. 

SEM micr ographs of the Iracture surfaces of tensile 
splitting samples from sel'ies B*l (no epoxy) and from 
series B*4 (15 per cent epoxy) are shown in Figure 7. 
For the Bl sample, a mortar 1·egion is vis ible between 
the fractured aggregate particle {lower left) and the un
fractured aggregate particle (upper right). The m01·tar 
region shown as mostly grey cement grains together 
with some hydrated cement particles indicates that the 
fracture has bypassed many of the fine aggregate parti
cles. There are some visible cracks at the matrix
coarse aggregate interface, but these probably occurred 
after fracture since the large aggregate particles appear 
to have cleaved. 

For B*4 specimens, with 15 percent epoxy, there is 
more evidence of fractured sand particles in the mortar 
phase and less evidence of unfractured fine aggregate. 
Also, a crack is visible at the region of the interface be
tween the epoxy-cement matrix and the coarse aggregate 
particle. Nevertheless, it can be clearly seen from the 
sharp cleavage features of the stone particles that the 
fracture surface has clearly passed through rather than 
around the coarse aggregate. 



It appears from both the strength data and the SEM 
pictures that the addition of some 15 percent epoxy to 
the mix (by weight of the mortar) results in a more uni
form mortar phase in which the adherence between the 
matrix and the aggregate particles is improved. As a 
result of this addition, the strength of the concrete is 
considerably improved. One would also expect some 
improvement in freeze-thaw resistance because, as 
noted earlier, water absorption is reduced with the ad
dition of epoxy (10). 

Fo1· 01e C* series specimens in which the added epoxy 
component simply replaced part of the water, the aver
age 7 and 28-d strength values that are obtained as a 
function of percentage of water replaced are shown in 
Figure 8. For the samples cured 28 d the compressive 
strength tis es, from an initial value of about 20. 7 MPa 
(3000 lbf/ i1l), rather gradually with epoxy replacement, 
and, after 30 percent replacement the strength rises at 
a much faster rate. Similar behavior is also noted for 
the tensile strength. Up to about 30 to 40 percent re
placement of water by epoxy, it appears U1at sufficient 
water is still present_ to lorm a cement hydrate phase, 
and the strength values obtained are representative of 
that phase. However, for epoxy replacements of 50 per
cent and above, the epoxy component appears to provide 
the primary matrix material, and both unhydrated and 
hydrated cement particles are incorporated into the epoxy 
network and into the aggregate as essentially filler 
particles. 

Series C*5 specimens showed a considerable strength 
improvement, even though they have an epoxy-cement 
ratio of O .422 that is comparable to that of series B 3 
specimens, which had little strength improvement. This 
improvement is probably a direct result of the lower 
water content for the C*5 specimens. Also, for series 
C*6 specimens with a r esi11-cement ratio of 0.522 (less 
than that of test series B*4), the average tensile stre11gth 
has increased 160 percent to 7.7 MPa (1110 lbf / in2

) and 
the average compressive strength has increased more 
than 200 percent to 63.0 MPa (9140 lbf/in2

). Thus, by 
reducing the water-cement ratio and by adding epoxy to 
maintain adequate workability, it appears that this is a 
promising method for obtaining strength improvements 
in concrete. Because of the reduced water content and 
the already noted imperviousness of cured epoxy to 
moisture, the freeze-thaw resistance of these modified 
cement concretes should improve. 

An examination of the fracture surfaces of tensile
splitting specimens helps to delineate the role played by 
the addition of epoxy. As the epoxy component increased, 
there was an increase in the amount of aggregate failure. 
This failure indicated an improvement in the bond of the 
cement-epoxy matrix to the aggregate particles. This 
improved bond is also evident from the observed frac
ture patterns shown in Figm·e 9 of the compression spec
imens tested at low- and high-resin content. For a low
resin content specimen, the fracture pattern is similar 
to that of an ordinary cement-concrete specimen with 
considerable disintegration aud many secondai.-y cracks. 
However, for the high-resin content samples (series 
C*6), the fracture mode is predominantly caused by 
shear and there is less evidence of secondary cracks 
and interface bond failure between aggregate and mortar 
even though much higher loads were needed to produce 
failure. Measurements of the elastic modulus were also 
made for the series C* specimens. These test results 
show that the stiffness varied comparatively little with 
the resin content in these concrete specimens, but for 
high-resin content in the cement-concrete specimens 
the stiffness is somewhat lower (12). Thus, since ten
sile and compressive strengths are higher and the elastic 
moduli about the same or somewhat lower, the energy-
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absorbing capacity of the polymer-added concrete speci
mens should be greater than that of the cement-concrete 
specimens. 

CONCLUSIONS 

1. Strength improvements of the order of 100 percent 
are possible in both mortar and concrete specimens by 
addition of appropriate amounts of a liquid epoxy system 
to the mix. 

2. In the case of mortar, these strength improve
ments can be realized by addition of only 5 percent epoxy 
by weight of the mortar. Greater strength improvements, 
but at a higher cost, are possible by having the epoxy 
largely replace the cement phase. 

3. In the case of concrete, these strength improve
ments can be realized by adding 15 percent epoxy by 
weight of the mortar while, at the same time, proportion
ately reducing the water content to maintain comparable 
slump. Still greater strength improvements are possible 
by reducing the water to cement ratio further and replac
ing the water by epoxy. 

4. SEM micrographs indicate that the addition of 
epoxy results in a more uniform dispersion, especially 
in the mortar phase, and leads to an increased bond be
tween the matrix and the aggregate. 

5. With increased resin content, there is little change 
(polymer-cement concretes) or reduction (polymer-cement 
mortars) in stiffness, and since strengths are higher both 
toughness and impact resistance should improve. 
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