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This paper investigates properties of calcium aluminate cement (CAC) mortar modified with the styrene-
butadiene-rubber (SBR) latex. This material may be advantageously applied as a rapid repair mortar.
Mortar specimens were prepared with constant water-to-cement mass ratio; polymer solid content of
latex was varied from 0% to 9%, and Li,CO3; was investigated as an accelerator. Specimens were treated
at different curing conditions: 1, 7 days and transformation of metastable hydration products at 70 °C.
The heat of hydration evolution of mortar specimens was measured by means of a self adopted isoperibol
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The measurement results indicate that SBR latex improves workability of fresh state mortar and retards
nucleation and growth of hydration products. Due to polymer coagulation process and co-matrix forma-
tion permeability, stiffness and compressive strength decrease while adhesion strength to old concrete
substrate, and flexural strength increase with amount of added latex.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Calcium aluminate cement (CAC) is a special cement with many
specific properties [1-7]. Mainly due to fast hardening and excel-
lent resistance to chemical attack, CAC is advantageously used
for repair work of highways, airport’s runways, internal and exter-
nal building surfaces. Furthermore, the CAC is the preferred cement
for polymer composites due to its high water to cement stoichiom-
etric requirement that chemically bonds higher portion of water in
the latex and thus enables higher degree of polymer coagulation.
Setting and hardening of CAC is primarily due to the hydration of
CA (cement notation: C=Ca0, A=Al,03, F=Fe,03 S=Si0,,
H = H,0), but other compounds also participate in the hardening
process especially in long term strength development [1,7] and
at higher temperatures of hydration. The CAC hydration is highly
temperature dependent, yielding CAH;o as main products at tem-
peratures less than 20 °C, CAHg [8] and AH3 at temperatures about
30 °C, whereas C3AHg and AH3 at temperatures greater than 55 °C.
CAH; and C,AHg are known to be metastable at ambient temper-
ature and transform to more stable C3AHg and AH; with conse-
quent material porosity and permeability increment, and loss of
strength. On the other hand, in the absence of sufficient water,
these phases do not transform but dehydrate [8].

CAC harden rapidly with high early strengths even under low
(near-freezing) temperatures [7], if protected from freezing prior
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to initial set. The hydration process of other types of cements
(e.g. Portland cement, PC) is greatly slowed or even stopped at such
low temperatures. Furthermore, CACs are favorably used in cryo-
genic areas, such as the loading docks of liquid-gas plants, because
of the excellent thermal shock resistance [5]. The rapid hardening
characteristic of CAC makes it suitable to put a cement based lining
(e.g. floor or highway and bridge deck repair patch [9,10]) back in
service within a few hours. The ultra-rapid setting CAC based
materials, which set within a few minutes, can be readily obtained
by a very small addition of Li salts [11,12]. The acceleration of the
setting and hardening process generally results in a reduction of
the ultimate strength [11,12].

Properties of cement-based materials can be improved by addi-
tion of a polymer admixture [13]. Upon hydration, the resulting
hardened material contains a continuous, interconnected matrix
of coagulated polymer particles which fill up pores in cement ma-
trix and improve the bonding between aggregates and cement
paste. As a result of this co-matrix formation, polymer modified
mortars have low permeability, good freeze-thaw resistance, rela-
tively higher flexural strength and adhesion strength to old con-
crete substrate, which allow those materials to be
advantageously employed as repair materials for concrete build-
ings, concrete bridges, highway covering materials and waterproof
materials [13]. Styrene-butadiene-rubber (SBR) latex modified
mortars have been used on highway bridges in the US over the past
35 years. It is generally known that the polymer modified PC based
material is more durable than the conventional one. In the last two
decades, SBR latex-modified (PC) mortars have been widely used as
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a repair materials for concrete and reinforced concrete structures
because of their superior chemical as well as mechanical (e.g. frost
attack, higher modulus of elasticity, higher tensile strength) resis-
tance [13]. Polymer latex has been employed also in CAC based
materials for making chemically resistant mortars, screeds and
surface coatings [14]. Rubber latex modified CAC mortars are con-
siderably more resistant than plain CAC mortars against dilute acid
(pH >4), alkaline and oil (grease), and other chemical attack [14].
SBR is not resistant to oxidizing acids (e.g. nitric acid).

While the properties of different polymer latex-modified mor-
tars based on ordinary (Portland) cements are widely reported in
the literature, little is known on the polymer modification of the
special CAC based materials. Systematic studies on the properties
of the SBR modified CAC mortars are lacking in literature. There-
fore, this paper presents the results on the effect of amount of
added SBR polymer onto setting time, heat of hydration evolution,
rheology, and physical and mechanical properties of a SBR latex
modified CAC mortar.

2. Experimental
2.1. Materials

Commercial CAC (type ISTRA 40) was taken from a regular pro-
duction of Calucem Pula, Croatia. The cement has the oxide mass
fraction composition listed in Table 1. Physical properties of used
cement are given in Table 2. The main compounds are CA and fer-
rite phase (C4AF-CgAF,), with mayenite (C;A7), gehlenite (C,AS)
and p-C,S as minor compounds. SBR latex with a 47% solid content,
nonionic surfactant and antifoaming agent in the commercial com-
position was used. Mortars were prepared with distilled water and
river sand with the size of 0-4.0 mm (100% passed 4 mm sieve).
Analar grade Li,CO5 salt was used as an accelerator.

2.2. Specimen preparation

The sand-to-cement ratio for all specimens was 3 and (polymer
solid)-cement ratios (p/c) were 0%, 3%, 6% and 9%. The amount of
water in the latex emulsion was taken into account in the overall
water-to-cement mass ratio which is fixed at 0.450. Li,CO5 acceler-
ator was dissolved in freshly deionised water prior to mixing with
cement with a mass fraction of 0.0045% relative to cement weight.

In order to reduce the amount of entrained air the following
mixing method was used. First, cement and sand were mixed to-
gether in a standard laboratory planetary mixer (following ASTM
C305-80) for 1 min at speed of 140 rpm. Then, the water was added
into the mix and mixing process was continued for 2 min at the
same speed. At last, latex was added and everything was mixed
for another 2 min. Fresh mixtures were cast into prismatic molds
(40 x 40 x 160 mm) and vibrated. Specimens were cured in mold
for 24 h at 20 °C and 95% of relative humidity. In order to investi-
gate properties of hardened CAC mortars with morphologically dif-
ferent hydration products, the aimed specimens were obtained
according to a designed experimental hydration program shown
in Table 3. The specimens were hydrated at 20°C to obtain
CAH; as main hydration product. After 7 days of hydration (Ta-
ble 3), the metatable hydration products were transformed to the
stable ones (nominally C3AHg and AHs) by additional heating of
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the specimens (sealed in plastic bags) at 70 °C in a thermostated
water bath for 24 h.

2.3. Experimental methods

The consistency (fluidity) of the fresh state mortar was tested
using the standard flow table test according to EN 1015-3. The test
procedure involved placing the mold (60 mm in height, internal
diameter: base 100 mm - top 70 mm) in the center of the flow ta-
ble. A period of 15s is allowed to elapse before the mold is re-
moved, the table is jolted 15 times at a rate of one jolt per
second. The mean diameter of the spread mortar is recorded.

Apparent density and air entrapment of mortars were deter-
mined following ASTM C185-08. The mortars were compacted (vi-
brated) into a measure of known volume and weighed. The air
content is calculated from the measured apparent density of the
mortar, the known densities of the constituents, and the mixture
proportions. CAC and sand densities are determined according to
the ASTM C 188-89.

Bending and compression test of hardened mortars were done
as per EN 1015-11. The bending tests were performed on
40 x 40 x 160 mm prisms, while the compression tests were car-
ried out on two pieces of original prisms for each specimen. The
standard molds were filled by placing on a vibrating table.

The open porosity was obtained from the measurements of the
dry weight (Wp), the water saturated weight (Ws,) and the sample
volume (on broken halves of standard prisms by Archimedes meth-
od, Warah), according to the following equation:

WSat — WD
—_— 1
WArch ( )

Drying of samples was achieved by using a vacuum pump for
1 day (at 0.5 mbar). Drying of samples by heating is not used be-
cause of the well known effect of the transformation reactions
[1] that significantly modified the pore microstructure of CAC
based material.

Ultrasonic modulus (E) for each specimen was determined by
the following equations:

P OPEN =

v2p

E (GPa) = =/

2)

(1-v)

= T +v)(1=2v)

3)
where p is the sample density, (g cm~3), » the velocity of ultrasonic
pulse propagation through the specimen (160 mm long), (km s~ '), v
is the Poisson’s coefficient.

The velocity of ultrasonic pulse propagation through the speci-
men was measured by TICO Proceq Testing Instruments with time
resolution of 0.1 us, voltage impulse of 1kV, pulse repetition of
35! and frequency of 54 kHz.

Determination of adhesive strength of hardened mortar on con-
crete substrates was done as per EN 1015-12. This test method in-
volves determining the maximum tensile stress applied by a direct
load at right angles to the surface of the mortar. The substrate used
was a PC Dbased concrete panels with dimensions
550 x 150 x 50 mm with a maximum aggregate size of 8 mm.
The concrete panels were wood floated to provide a suitable sur-
face and are more than 28 days old when testing was undertaken.

Table 1

Chemical composition (mass%) of investigated CAC.
Ca0o Al,05 Fe,03 FeO Si0, TiO, MgO SO5 Na,O0 K0 Sum
37.95 38.00 13.11 2.77 423 1.59 0.65 0.20 0.14 0.18 98.82
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Table 2
Physical properties of investigated CAC.

>90 um (%) Blaine (cm?g~!) Specific gravity (g cm~3) Setting time (min) Standard consistency (%)
Initial Final
3.70 3308 3.20 300 329 24.0
Table 3 0.2 mm). Temperature is stored every 15s by a data logger PICO

Specimen curing conditions after demolding.

Curing Curing conditions after demolding (in mold for 24 h at 100% RH
series and 20 °C)

1d 0 h (tested immediately)

7d 6 days at 20 °C 40% RH

14d 13 days at 20 °C 40% RH

Trans70c 6 days at 20 °C 40% RH, transformed 24 h at 70 °C

The fresh mortar was spread to the substrate using notched steel
trowel to achieve a thickness of 10 mm + 1 mm. For the first 24 h
the test specimens are stored in an airtight polyethylene bag (to
maintain high relative humidity) at a temperature of 20 °C. After
that, the specimens are stored in 50% RH and 20 °C for the next
6 days (corresponding to the sample 7 d in Table 2). After 7 days
of hydration (Table 3), the metastable hydration products were
transformed to the stable ones (nominaly C3AHg and AH3) by addi-
tional heating of the specimens at 70 °C and 100% RH for 24 h. The
test is then performed using the pull off instrument (DYNA Z16
pull-off tester by Proceq) to apply a tensile force until failure
occurs.

The water absorption coefficient due to capillary action of hard-
ened mortar specimens was measured according to EN 1015-18.
Broken sides of a standard mortar prism were immersed to a depth
of 5-10 mm in water and the amount of absorbed water was deter-
mined with time.

The heat of hydration evolution was measured by means of a
self adopted laboratory isoperibolic calorimeter. The employed cal-
orimeter consists of an insulating container (composed mainly of
styrofoam cups with stoppers), temperature sensor, and thermo-
stated bath, as shown in Fig. 1. The temperature change in the cal-
orimeter is measured by K-type thermocouples (wire thickness of
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Fig. 1. Scheme of the calorimetric measurement set-up.

Logger TC-08 (Pico Technology Ltd., UK: 20 bits, eight channels,
voltage resolution 1 puV) connected to PC with PicoLog for Windows
software. The thermocouples were calibrated using high accuracy
Pt 100 probe. Thermocouple cold junction is held at room temper-
ature and sensed by a precision thermistor in good thermal contact
with the input connectors (on thermal block) of the measuring
instrument. In order to assure good cold junction compensation,
a change of its temperature is kept as low as possible.

The cement, sand and appropriate amount of water was left to
reach thermal equilibrium (overnight) before manual mixing in the
calorimeter. The calorimeter (Fig. 1) is quantitatively filled with a
mortar sample (prepared with 40 g of cement for all mortar mix-
tures tested with experimental variables shown in Table 4) sealed
with styrofoam stopper and immersed in temperature controlled
water bath T=20°C (+0.03 °C). Dimensions of the calorimeter
are: inner diameter D =50 mm, height H=45 mm and thickness
of the stytrofoam isolation d = 4.5 mm. Two thermocouples were
placed in the calorimeter. One thermocouple measuring end was
placed at the mass center of the sample, i.e. through the axis at half
thickness of the sample. This was done by fixing thin (1.3 mm)
wooden support at the axis of the container. The second thermo-
couple was placed at the inner surface (mortar-calorimeter inter-
face) of the calorimeter.

The evolved heat of hydration per gram of cement (J g~') was
calculated by employing the lumped-parameter heat transfer
model:

Q) = LT+ 5 [ ATO) @)

where C, is the effective heat capacity of the calorimeter, (J°C™'), §
the cooling constant of the calorimeter, (h~!), m the cement mass,
(8)

The following calorimeter parameters were estimated: the heat
loss constant (e, isoperibolic [J °C~' h~]), the cooling constant (§,
h™1), and the effective heat capacity (Cp, [J °C™']). The calibrations
were done by applying a known voltage to a known electrical resis-
tance (thin constantan wire) embedded in a block of hardened ce-
ment paste. The heat loss from the calorimeter to the surrounding
was obtained from a steady state condition measurement (the
voltage was applied until the steady state was achieved). In steady
state the heat loss equals the heating power dissipating on the
embedded resistance wire. The cooling constant of the calorimeter
was obtained from the transient temperature response after
switching off the Joules heat in the calorimeter. The cooling con-
stant () was estimated by nonlinear regression (‘fitting’) of the
exponential solution of Newton’s law of cooling to the transient

Table 4

Experimental variables and sample notation for calorimetric measurements.
Sample notation plc (%) Li,CO3 (%)
0 0 0
3 3 0
6 6 0
9 9 0
6LC 6 0.0045
9LC 9 0.0045
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experimental results. Calorimeter parameters were experimentally
obtained for each test mortar mixture.

The presented results are the average of at least three speci-
mens in flexure, six specimens in compression, six specimens in
bond strength and three specimens for all other tests.

3. Results and discussion
3.1. Calorimeter

The calorimetric measurements were conducted in a manner to
obtain realistic temperature rise of the mortars that mimic the
temperature rise of the specimens cured in the
40 x 40 x 160 mm standard molds. This was achieved by an
appropriate thickness of the insulating material, geometry of the
cell while ensuring enough mass of sample and low mortar tem-
perature gradients during measurement (i.e. low Biot number
[15]). All the mortar mixtures for calorimetric measurements were
prepared with 40 g of cement. Both the calculated value of the Biot
number, Bi = 0.04, and the measured maximal temperature differ-
ence across mortar samples during the calorimetric measurements,
AT < 0.6 K justified the usage of the lumped-parameter model (Eq.
(1)) for the calculation of the heat of hydration evolution. Results of
the temperature rise of mortar samples during hydration in the
isoperibolic calorimeter are given in Fig. 2. Low temperature rise
is observed during the induction period due to a small and con-
stant rate of heat generation, about 1Jh~'g~! for the mortars
without Li,CO; and 3] h~! g~ ! for mortars with Li,CO5 accelerator.
Induction period is followed by the onset of the accelerated stage
of reaction due to massive precipitation of hydration products.
The maximum of heat generation is reached in only few hours after
the onset of the accelerated stage and amounts up to about
125Jh1g .

The rapid hydration and the resulting heat evolution allows an
accurate determination of both the induction time ty and the time
tmax Of the maximum of temperature evolution peak. Indeed,
though less traditional and indirect, preferable techniques for mea-
suring setting time are isothermal calorimetry, temperature rise,
and solution conductivity measurements [12,16]. In this paper
times of initial, ty and final, t; sets for experimental series on tran-
sition metals were established from the obtained time-tempera-
ture curves. Initial set is acquired from the intersection of two
straight lines [17]: one fitted through the induction period of the
curve and the other fitted through the inflection point of the rising

20
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Fig. 2. Temperature rise of mortar samples during calorimetric measurements:

effect of polymer content and addition of Li,CO3 (sample notation and experimental
variables are listed in Table 4).

Table 5

Analysis of calorimetric temperature rise curves: times of initial, to [h] and final, tenq
(h) sets, the inflection point (i.p. [h]) of the rising slope (slope (Kh™')) of the main
peak.

Sample notation to (h) tend (h) i.p. (h) slope (Kh™1)
0 3.23 5.59 4.02 7.36
3 4.38 6.80 5.12 5.71
6 5.56 8.29 6.47 428
9 6.98 10.02 8.08 2.99
6LC 3.06 5.23 3.92 5.74
9LC 3.40 6.16 3.95 3.10

slope of the main peak. The final set was approximated as the point
of maximal heat generation. Table 5 lists the results of the analysis
of calorimetric temperature rise curves: times of initial, to and final,
t¢ sets, the inflection point (i.p. [h]) of the rising slope (slope) of the
main peak.

Both the influence of the polymer addition and the addition of
Li,CO3 accelerator are investigated by calorimetric measurements.
The results show that SBR latex significantly retards the CAC
hydration kinetics. Both the nucleation and the subsequent growth
of hydration products are retarded. The retardation is more pro-
nounced with rising of the polymer content. The observed slower
crystallization and growth of hydration products may be inter-
preted in terms of the cement hydration inhibiting effect of the
surfactants contained in latexes [13] as well as blocking of the
reactive cement sites by coagulation of a low permeable polymeric
matrix.

Effect of the addition of Li,CO5 accelerator is investigated on
mixtures that contain 6% and 9% of polymer. From the results pre-
sented in Fig. 2 and Table 5 it can be seen that very small addition
of Li;CO3 (0.0045% relative to weight of cement) significantly accel-
erates the hydration. By comparison of the two hydration curves
(Fig. 2 and Table 5) one can observe the combined effect of polymer
and Li,CO3 addition. The polymer retards both the nucleation and
growth of hydration products. It is interesting that the Li,CO3
accelerates the nucleation period much more effectively than the
further growth of the hydration products (i.e. rising slope of the
main hydration peak). This agrees well with the fact that the effect
of a low permeable polymeric matrix on hydration kinetics is high-
er with higher degree of coagulation (i.e. degree of hydration). Dur-
ing CAC hydration reactions free water content is decreasing due to
chemically combining in hydration products which results in the
coagulation of the SBR polymer.

Fig. 3 presents the calculated heat of hydration evolution curves
of prepared CAC mortar samples. The results show the effect of
polymer content and addition of Li,CO3; on the CAC hydration. Heat
evolution curves provide an approximation on a relative amount of
achieved hydration degree [7,18]. It can be concluded that the rel-
ative hydration degree after 24 h has a lowering tendency with the
amount of polymer addition. This may be attributed to the inhibit-
ing effect of the surfactants contained in latexes as well as to the
formation of the protective SBR coatings that hinder crystallization
and growth of the hydration products. From the cumulative heat
curves (Fig. 3) it can be observed that when Li,COs is added, the to-
tal heat measured for different polymer additions, is lower than in
the mixtures without Li,COs. This is consistent with the literature
results obtained on cement pastes [12,17].

3.2. Fresh state properties

3.2.1. Consistency

The result on fresh state mortars consistency with different la-
tex solid contents (p/c) are summarized in Table 6. Specimens
mixed with constant water-to-cement ratio show increment in
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Fig. 3. Heat of hydration evolution of mortars with different polymer content and
addition of Li,CO3 accelerator (sample notation and experimental variables are
listed in Table 4).

workability by increasing the p/c ratio. The inclusion of polymer la-
tex improves mortar workability, due to the ‘ball bearing’ action of
polymer particles, the entrained air and the dispersing effect of
surfactants [13]. This enables a reduction in water-to-cement ratio
that influence positively on porosity, compressive and flexural
strength of hardened mortar: reducing porosity and increasing
flexural and compressive strength [13].

3.2.2. Densities and air content

Fig. 4 shows results on apparent densities and air content of
prepared fresh mortars with different polymer contents. The air
content is calculated from the measured density of mortars, and
known densities of the constituents (Table 2, latex density is
1.02 g cm 3, sand 2.85 g cm~3), and the mixture proportions.

3.2.3. Air entrainment

Addition of latex for preparing mortars usually entrains a con-
siderable quantity of air compared to non-modified mortars. This
increase in air entrainment is due to an effect of the emulsifying
and stabilizing surfactants in polymer latex. Commercial latexes
for cement modification usually contain some antifoaming agents
that considerably decrease the air entrainment. Entrained air
should be optimized. A disadvantage of air entrainment is a reduc-
tion in strength, but the positive side is improvement in workabil-
ity (consistency, due to ‘ball bearing’ action) and durability [13].
Entrained air forms closed-types spherically-shaped pores, sizes
of 10-300 um, which improve cohesion and workability of the
mixture. The closed pores contribute to a reduction in transport
of aggressive ions and gases, and to a better resistance to frost.

3.3. Hardened state properties
3.3.1. Compressive and flexural strength

The effect of polymer content (p/c) and curing conditions on
compressive strength and flexural strength of CAC mortar speci-

Table 6
Consistency of fresh state LMM for each p/c ratio.
plc (%) Consistency, mm
0 150
3 155
6 170
9 195

2,50 10
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w 245 v Calculated p, ,
5 v B Air -8
ud v
:2 2,40 v
':% N & % e R
T 2,35 =
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'c L4
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Fig. 4. Apparent density and air content of prepared fresh mortars with different
polymer contents (p/c).

mens is depicted in Figs. 5 and 6, respectively. Latex modified mor-
tar show a decrease in the compressive strength but noticeable
increase in the flexural strengths with polymer addition when
compared to reference (unmodified) mortars.

Specimens of all curing series show the same trend, higher latex
content reduces compressive strength due to a lower mechanical
capacity of SBR polymer regarding to mortar. Test results show
that mortars of series 1d, 7d and 14 d have an increasing trend
for strength (flexural and compressive) with hydration time, which
can be attributed to higher degree of hydration as well as polymer
coagulation process. The lowest compressive strength values are
achieved for the fully transformed mortar series (Trans70C in Ta-
ble 2), due to the well known transformation process that results
in the increase of porosity.

The addition of SBR latex increases the flexural strength of mor-
tars. This improvement in tensile strength may be attributed to the
high tensile strength of the coagulated polymer and an overall
improvement in cement-sand bond. Moreover, from the mechani-
cal point of view, polymer latexes bridge microcracks in the latex-
modified mortar and concrete under stress by the formation of
polymer films, which prevents crack propagation. For curing series
1d, 7d and 14 d the highest polymer content increases the refer-
ence flexural strength by 18%, 31% and 29%, respectively. For the
transformed specimens the reduction of flexural strength amounts
only 8%. For curing series 1d, 7d and 14 d the highest polymer
content reduces the reference compressive strength by 42%, 34%

= ——1d
o 201 —e—7d
% u 14d
A Trans70C
..'C_-h 70
[S)
©
S 604
7]
2 .
3 50 —
o °
o
x \
o [ S —1
30 T T » T T
0 3 6 9

plc

Fig. 5. Effect of polymer content (p/c) and curing conditions on compressive
strength of CAC mortar specimens.
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Fig. 6. Effect of polymer content (p/c) and curing conditions on flexural strength of
CAC mortar specimens.

and 34%, respectively. For the transformed specimens the reduc-
tion of compressive strength amounts 23%. Interestingly, from
the results obtained it can be concluded that both the positive ef-
fect of gain in flexural strength and the negative effect of reduction
in compressive strength are much lower for the transformed mate-
rial regarding to the metastable state series. This can be explained
by the change in the microstructure (with transformation reac-
tions) and/or modification of polymer properties with thermal
treatments. Here, it has to be noted that high temperature lead
to the weakening of the bonding between mortar matrix and SBR
polymer due to the deterioration or decomposition of polymer
[13]. The temperature effect on strength of SBR modified CAC mor-
tars was not investigated separately in this paper, due to the tem-
perature sensitivity of the transformation reactions. To separate
both temperature effects, on SBR and on CAC hydration, the trans-
formation of the metastable hydration products to the fully stable
ones needs to be performed below near room temperatures. How-
ever, transformation reactions at such temperatures are known to
take a very long time (decades).

3.3.2. Dynamic modulus

Dynamic modulus (or stiffness) of mortar specimens for differ-
ent polymer contents and different curing conditions is shown in
Fig. 7. For the calculation of the dynamic (ultrasonic) modulus of
mortar specimens (E) (Egs. (2) and (3) in Section 2.3) the Poisson’s
coefficient was taken to be v = 0.2 for all specimens tested [19]. In-
deed, one can expect a decrease of the Poisson’s coefficient with
age [14], while the effect of polymer addition can be disregarded
[13,20]. However, the primarily aim of the analysis in Fig. 7 is to
see the effect of the polymer content on the dynamic modulus
within the same curing conditions. As expected the stiffness of
the prepared mortar specimens decreases with latex content incre-
ment. This decrease in stiffness is attributed to a lower polymer
stiffness in regard to plain (reference) mortar stiffness. An incre-
ment of the dynamic modulus with hydration time for metastable
mortar series 1d, 7d and 14 d (1, 7 and 14 days) is a result of the
higher advancement of the hydration reaction. The lowest dynamic
modulus values are achieved for the fully transformed mortar ser-
ies (Trans70C in Table 2), as a result of the well known transforma-
tion process that results in the increase of porosity. However, as
discussed above, for more precise comparison of the trends among
the different curing conditions one should also include an increase
of dynamic modulus due to a possible decrease of the Poisson’s ra-
tio with hydration time [14].
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Fig. 7. Dynamic modulus of mortar specimens for different polymer contents (p/c)
and curing conditions.

3.3.3. Adhesion

Results of adhesion in tension of latex-modified CAC mortars to
ordinary (Portland cement) mortar are depict in Fig. 8. All adhesive
failures occurred at the mortar-concrete interface. It is clear that
the adhesion of latex modified mortars tends to increase with rais-
ing the polymer content. The increase in adhesion is attributed to
the high adhesion of polymer. The increase in adhesion may be ex-
plained by a mechanical interlocking of coagulated SBR ensured by
porous and rough surface of the substrate concrete panel. This may
be further enhanced by a chemical interaction of the surfactant lo-
cated on polymer-concrete interphase. The surfactant acts as a
compatibilizer between organic (SBR) and inorganic (concrete
and mortar) phase. Indeed, the use of latex-modified pastes and
mortars as bonding agents for PC mortars to existing mortar (or
concrete) substrates is a widespread practice. The bond strength
results obtained for CAC mortars are comparable to the results
on PC based materials tested by other researchers [7,13,21,22].

3.3.4. Open porosity

The effect of polymer content and curing conditions on open
porosity of CAC mortar specimens is presented in Fig. 9. A reduc-
tion of the open porosity with polymer addition can be observed
for all curing series. This can be attributed to the filling of pores
by coagulated SBR polymer as well as to the higher air entrainment
stimulated by polymers and surfactants in the latex. Both coagu-
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Fig. 8. Adhesion in tension of latex-modified CAC mortars to ordinary (Portland
cement) concrete. All adhesive failures are at mortar-concrete interface.
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Fig. 9. Effect of polymer content (p/c) and curing conditions on open porosity of
CAC mortar specimens.

lated SBR and air bubbles contribute to the depercolation (i.e.
closed porosity) of the pore system. A decrease in open porosity
with hydration time for metastable mortar series 1d, 7d and
14 d (Fig. 9) is a result of the higher degree of depercolation of
pores due to the advancement of the hydration reaction and higher
degree of SBR coagulation. The fully transformed mortar series
(Trans70C in Table 2) exhibit the highest values for the open poros-
ity, due to the well known transformation process that results in
the increase of porosity. Although the total porosity was not inves-
tigated in this paper, it is worth nothing that its trends with curing
conditions are expected to be inversely related to the results of
compressive strengths (Fig. 5).

3.3.5. Capillary water absorption

The variation of the water uptake with time due to capillary ac-
tion of hardened mortar specimens 7 d and Trans70C (Table 3) is
shown on Figs. 10 and 11, respectively. The calculated sorption
coefficients are given in Table 7. All of the transformed samples ex-
hibit drastically higher capillary water absorption in comparison to
the samples that are composed mainly of the metastable hydration
products (Figs 10 and 11, Table 7). This expected effect is a result of
the transformation process that increases the porosity of the CAC
based materials. The latex modified mortar reduced drastically
the water absorption of both the metastable and the transformed
specimens and showed the decreasing tendency with the amount
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Fig. 10. Effect of the polymer content on the capillary water absorption of the
metastable specimens (curing series 7 d in Table 3).
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Fig. 11. Effect of polymer content on the capillary water absorption of the
transformed specimens (trans70C, Table 3).

Table 7
Results of the sorption coefficient, S (g m~2 min~%?).
plc (%) Curing
7d Trans70c
0 46.5 261
3 38.1 228
6 27.8 132
9 204 118

of SBR addition. This reduction in the water absorption can be as-
cribed to the coagulated polymer filling of the pores, lowering of
the open porosity (Fig. 9), and bridging of the microcracks propa-
gating inside the matrix.

The nonlinear behavior observed in Fig. 10 may be attributed to
the change in the mortar microstructure with time as the water
penetrates the sample. Indeed, after re-wetting of the dried sample
capillary actions induce change in the pore microstructure and the
cement particles can be re-activated again upon cement water
interaction In this nonlinear case, the sorption coefficient was cal-
culated (according to EN 1015-18) as the slope from the intercept
to the last reading (i.e. 24 h). Interestingly, the non-linear behavior
diminishes with the amount of the added polymer (p/c). This can
be interpreted by the covering of the active cement particles with
the inert polymer co-matrix as well as by the stabilization effect of
the polymer onto the change in the pore microstructure induced by
capillary actions. Moreover, the capillary absorption of the fully
transformed specimens showed a reasonably linear behavior.

4. Conclusion

The effects of polymer modification of CAC mortars were stud-
ied by fixing the water-to-cement ratio. The following can be con-
cluded. SBR latex significantly retards the CAC hydration kinetics.
Both the nucleation and the subsequent growth of hydration prod-
ucts are retarded. The retardation is more pronounced with higher
addition of the polymer content. A very small addition of Li,CO3
(0.0045% relative to weight of cement) successfully accelerates
the hydration of polymer modified CAC mortar.

Latex modified mortar show a decrease in the compressive
strength but noticeable increase in the flexural strengths with
polymer addition when compared to unmodified mortar. The low-
est compressive strength values are achieved for the fully trans-
formed mortar series, due to the well known transformation
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process in CAC based materials that results in the increase of
porosity. Stiffness of the prepared mortar specimens decreases
with latex content increment. Adhesion of latex modified mortars
to the concrete substrate tends to increase with raising the poly-
mer content.

A reduction of the open porosity with polymer addition can be
observed for all curing series. This can be attributed to the filling of
pores by coagulated SBR polymer as well as to the higher air
entrainment stimulated by polymers and surfactants in the latex.
Both coagulated SBR and air bubbles contribute to the depercola-
tion of the pore system. The latex modified mortar reduce drasti-
cally the water absorption of both the metastable and the
transformed specimens, the more so with the higher amount of
SBR addition.
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