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ABSTRACT: Reactive cement-in-polymer dispersions
have been prepared from poly(vinyl alcohol), poly(ethyl-
ene-co-vinyl acetate), and poly(vinyl acetate) and a non-
hydrated, fine-grained cement, and used to coat
multifilament glass-rovings. The influence of the molecular
properties of the polymer, such as the chemical composi-
tion and molecular weight as well as the cement content
in the dispersion, on the reinforcing performance of the
coated rovings in concrete has been studied using scan-
ning electron microscopy and tensile tests. All coated rov-
ings significantly surpass the uncoated glass in terms of

mechanical behavior. The best bonding was obtained with
hydrophobic, PVAc-based coatings, since the slow hydro-
lysis and swelling of this polymer controls cement hydra-
tion and the formation of the interphase. The mechanical
behavior of the coated rovings is barely influenced by the
molecular weight of the polymer, but decreases with
decreasing cement content. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 3303–3309, 2010
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INTRODUCTION

Polymers are indispensable components in modern
concrete.1 They mainly serve two purposes, namely
as rheological additives, so-called superplasticizers,2

and as structural additives in polymer concrete or
polymer-modified concrete, where they replace parts
of the cement hydrate binder.3,4 A great number of
polymers have been studied as structural additives,
including liquid epoxy resins,5,6 redispersible pow-
ders,7–9 and polymer lattices.10,11 Of particular inter-
est are water-soluble polymers such a poly(vinyl
alcohol) (PVA), which are simply added to the mix-
ing water. This causes an increase in the aggregate-
paste bond strength,12 and a 60–80% increase in the
pull-out load and frictional bond strength for steel
and brass fibers.8 This was explained by a modifica-
tion of the interfacial structure, as evidenced by the
formation of a dense, finely grained, and ductile
structure in place of the usual calcium hydroxide–
calcium silicate hydrate duplex layer.14 A direct
interaction between PVA and calcium ions in the

cement paste as well as in calcium silicate hydrate
was subsequently corroborated.15–17

We have recently introduced another type of
application for polymers in concrete, namely as part
of reactive coatings for reinforcements. Based on the
reported beneficial effects of PVA in cement paste,
we developed a water-free cement-in-PVA disper-
sion as a coating for multifilament glass-rovings, to
be used as reinforcement in textile-reinforced con-
crete.18 The performance of multifilament rovings
largely depends on how well the filaments are em-
bedded in concrete.19 Rovings contain several hun-
dreds of individual filaments of 10–30 lm in diame-
ter, held together by a sizing agent. Adhesive forces
between the individual filaments and other surface
properties of the filaments can obstruct the ingress
of the viscous, high-solid dispersion of the cement
paste. This leads to a highly inhomogeneous roving
penetration and the differentiation of outer and
inner filaments, i.e., those that are in contact with
the cement matrix (the outer ones) and others which
are not (the inner ones).20,21 Load transfer from the
matrix to the inner filaments is only accomplished
by adhesive cross-linkages22 and friction, and in this
way the inner filaments contribute less to the load-
bearing capacity.20,21

By using a cement-in-PVA dispersion, containing
nonhydrated cement particles, as coating for the rov-
ing, reactive cement particles are placed between the
individual filaments before the roving gets into
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contact with the aqueous cement paste. Thus, roving
penetration no longer depends on the ingress of the
cement paste. Upon embedding in fresh concrete,
the polymer dissolves and the nonhydrated cement
particles between the filaments are exposed to the
aqueous environment of the cement paste. This ena-
bles the formation of a continuous matrix between
the filaments (Fig. 1). As a result, improved bonding
and an increase in the pull-out load was observed.

Herein we present a detailed study on the prepa-
ration and properties of cement-in-polymer disper-
sions (c/p) and on the influence of the polymer on
the performance of rovings coated with cement-in-
polymer dispersions. The chemical properties of the
polymers, namely PVA, poly(ethylene-co-vinyl ace-
tate) (EVA), and poly(vinyl acetate), are used to con-
trol the diffusion of moisture into and through the
polymer phase. This provides the means to control
the formation of the interfacial transition zone and,
thus, the macroscopic behavior of the composite.

EXPERIMENTAL

Materials

PVA, Mw ¼ 9500, saponification number 302, and
poly(vinyl acetate)s, PVAc, Mw ¼ 110,000–150,000
and Mw ¼ 330,000–430,000, were from Wacker.
Poly(vinyl acetate), Mw¼ 55,000–70,000 was obtained
from Roth. EVA, Mw ¼ 110,000 and with a vinyl ace-
tate content of 40%, was obtained from Aldrich.
Mikrodur P-X, Dyckerhoff, Neuwied, with a d95 <6
lm was used to prepare the hybrid cement-in-poly-
mer coatings. A Portland cement matrix designated
PZ-0899-01 (water-to-binder ratio ¼ 0.4) was used to
prepare the pull-out specimen. Details on composi-
tion and properties can be found in Ref. 23 Continu-
ous alkali-resistant glass-rovings (CEM-FilVR LTR
ARC 2400 5325, 2400 tex, roving cross-section 0.896
mm2, filament diameter 27 lm) were purchased
from OCV Reinforcements.

Methods

The cement-in-polymer dispersions were prepared
by first dissolving the polymer in an appropriate
amount of THF (PVA) or ethyl acetate (EVA, PVAc)
and then adding the calculated amount of cement to
obtain the desired cement content w ¼ mcement/
(mcement þ mpolymer). The mixtures were used imme-
diately, but can be stored in a tightly sealed container
for months. During this time, most of the cement
sediments, but vigorous stirring for 30 min restores
the original quality. For coating, the roving is passed
through a trough filled with the coating formulation
followed by a 0.5 � 5 mm die. The coated strands
are allowed to dry in a hood over night. In the dry
state the applied coating accounts for � 40 wt % of
the total weight of the coated roving.
Load-displacement (P-d) curves for both tensile-

strength tests and double-sided pull-out tests were
recorded on a Zwick 1425 tensile-testing machine as
described previously.18,24 The SEM images were
recorded on a Hitachi S-3000N with an Ametek
EDAX.

RESULTS AND DISCUSSION

Preparation

The incorporation of nonhydrated cement clinker
into water and/or alkali soluble polymers gives rise
to reactive cement-in-polymer dispersions abbrevi-
ated as c/p in analogy to the abbreviation of e.g.,
water-in-oil (w/o) emulsions. The polymers used for
these dispersions are shown in Figure 2. The degree
of hydrolysis and the molecular weight of the PVA
were chosen in such a way that the polymer dis-
solves readily in the cement paste at ambient tem-
perature, can be processed thermoplastically, and
can be homogeneously dispersed in THF. High
cement contents of w > 0.9 can be realized in the c/
p dispersions with all polymers, since the viscosity
of the coating formulations can be adjusted by the
addition of solvents. However, such coatings are
mechanically sensitive due to the low polymer

Figure 1 Schematic illustration of the phase composition during embedding and hardening of glass rovings coated with
cement-in-polymer dispersions.
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content. Therefore, coatings of w ¼ 0.8 are used as
standard, which corresponds to more than 60 vol %
of cement.

The pure c/PVAc mixtures can be prepared and
processed thermoplastically up to w ¼ 0.7, and c/
PVA mixtures up to w ¼ 0.6 in standard laboratory
kneaders and extruders [Fig. 3(A)].

For reasons of convenience, the c/p dispersions are
prepared and applied on a lab scale from organic sol-
vents. Because of the high solid content, all c/p-
coated rovings under investigation are brittle and
cannot be wound onto a bobbin. This also applies to
the ones based on the thermoplastic elastomer EVA.
However, gentle heating to approximately 35–40�C
softens the polymer and the coated rovings can now
be bent and spooled. Upon further heating to � 60�C
the coated rovings can be fused under slight pres-
sure. This allows for the preparation of inherently
stable reinforcement grids or baskets in analogy to
the currently used steel mats [Fig. 3(B)].

Microscopic analysis

Microscopic analyses are shown for c/PVA [Fig.
4(A)] and c/PVAc [Fig. 4(B)] coated rovings (w ¼

0.8), since these two polymers mark the two
extremes in terms of polymer properties, with PVA
being hydrophilic and water soluble, while PVAc is
hydrophobic, and only soluble in alkaline solutions.
Figure 4 shows polished cross-sections of specimen,
which contain coated rovings, 7 days after being em-
bedded in fresh concrete. In both cases, the filaments
are to a large extent individually embedded and sur-
rounded by a cementitious matrix, but both images
show voids inside the roving (black areas). These
are artifacts from the lab-scale, solvent-based coating
process. Evaporation of the solvent causes the poly-
mer phase to shrink, leaving behind the observed
voids. Combined thermal annealing/compacting of
the coated rovings, similar to the fusion procedure
described earlier, reduces the internal cavities.
The c/PVA coated rovings exhibit two matrix

zones [Fig. 4(A)], namely the dense bulk matrix (i)
outside and a darker phase inside the roving inter-
spersed with voids (ii). The latter constitutes the
hydrated c/p phase and appears darker in the back-
scattering mode of the SEM, due to its lower den-
sity. At the transition from (i) to (ii), filaments are
individually embedded in the bulk matrix, which
indicates a complete dissolution of the outer c/PVA
coating followed by cocrystallisation of both coating
components, cement and PVA, with the cement
paste. In contrast, the c/PVAc coated roving shows
a clear-cut boundary at the transition to the outer
bulk matrix, while the inner c/p phase appears to
have a granular texture [Fig. 4(B)].
The differences between these two polymers are

reflected even better in the structure of the interface
directly at the filament. Figure 5(A) shows a single
filament extracted from a c/PVA coated roving em-
bedded in concrete. The surface is overgrown with
crystalline materials in some areas, mostly calcium
hydroxide, and is totally bare in others indicating
adhesive failure of the fiber/matrix interface. Under
the same conditions, filaments in c/PVAc coated

Figure 3 Pure c/PVA dispersion at w ¼ 0.6, extruded and injection molded (A) and fused nonwoven reinforcements
made from ARG 2400 rovings coated with c/PVAc (w ¼ 0.8) (B).

Figure 2 Structures of the polymers used to prepare the
c/p dispersions.
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rovings are embedded in a granular structure, con-
sisting of partially-hydrated clinker crystals, and the
remnants of crystalline material on the filaments
indicate cohesive failure inside the interphase [Fig.
5(B)]. These differences in the interfacial structure
can be attributed to the different dissolution rates of
PVAc compared to PVA in alkaline solution. PVA
dissolves readily within minutes in pore solution,
thus, quickly exposing its cement content to the
incoming aqueous cement paste. The space around
the filaments is filled with cement paste, from which
the excess Ca(OH)2 crystallizes on the filament sur-
face. In contrast, PVAc in the original state is hydro-
phobic, and initially is only poorly wetted by the
alkaline solution. Upon prolonged exposure the ace-
tate groups are hydrolysed to OH groups, which
renders the polymer increasingly hydrophilic. Dur-
ing hydrolysis, the polymer swells at a slow rate,
thereby slowly absorbing traces of the pore solution.
The amount of water absorbed by the coating during
swelling is not sufficient to fully hydrate the clinker
and reach saturation of Ca(OH)2 and, consequently,
a partially-hydrated clinker structure forms. Thus,
the hydration of the cement in c/PVAc coatings and,
therewith, the formation of the interfacial transition
zone25 becomes diffusion controlled.

SEM-EDX mappings of concrete-embedded, c/
PVA coated rovings show differences in the compo-
sition of the outer and inner matrix phase (Fig. 6).
The boundary is shown as a dashed line in Figure
6(A). Along this border, the silicon distribution [Fig.
6(B)] indicates a transition from a Si-rich outer phase
(light gray) to a Si-poorer phase (darker gray) inter-
spersed with filaments. A quantitative analysis of
the pixel intensities in the image (255 ¼ white) along
the horizontal line in Figure 6(B) allows the clear
identification of quartz (intensity > 120), filaments
(80–100), bulk matrix (40–50), c/p phase (30–40), and
cavities (<20). In addition, the exact position of the
c/p to bulk-matrix transition can be identified by an
average increase of 20 gray-scale units [Fig. 6(C)].
Such a transition is not visible in the calcium map-
ping [Fig. 6(D)]. Therefore, while calcium seems to
be distributed homogeneously within the sample,
silicon is preferentially located in the bulk phase.
This indicates free diffusion of calcium ions from the
bulk matrix, which leads to an excess of Ca2þ in the
c/p phase and explains the fast growth of calcium
hydroxide on the filaments of c/PVA coated rovings
[compare Fig. 6(A)]. The light gray spots in Figure
6(D) earmark the nonhydrated clinker in the bulk
phase, something which is hardly found in the c/p

Figure 4 Polished cross sections of concrete-embedded rovings. (A) c/PVA (w ¼ 0.8, compare Table I, entry 3) and (B)
c/PVAc (w ¼ 0.8, compare Table I, entry 6). The black regions inside the roving indicate the voids.

Figure 5 Structure of the interfacial transition zone for c/PVA (A) and c/PVAc (B) coated rovings at w ¼ 0.8. Samples
were stored for 7d at 95% relative humidity.
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phase, as this has a uniform, dark gray appearance.
Since the c/p coating initially contained 80 wt % of
clinker, this observation proves that in the case of
the c/PVA coating, the pore solution completely
penetrated the coating and reacted with the clinker
as originally intended, to give a uniform polymer-
modified cement-matrix between the filaments.

Mechanical characterization

Figure 7 shows typical load-displacement curves of
double-sided pull-out experiments for ARG2400 rov-
ings coated with the c/p dispersions (w ¼ 0.8), in
comparison to the as received roving (dashed line).
Due to the occurrence of voids inside the c/p phase
as a result of the lab-scale, solvent-based coating
procedure (vide infra), no attempt was made to
quantify the interfacial bonding. Rather, the meas-
ured load-displacement curves, and the values
extracted from these, are compared as they are,
under the assumption that a more perfect coating
would give rise to higher pull-out loads.

All curves exhibit linear parts of similar slope in
the ascending branch. The as received roving exhib-
its a low peak load Ppeak,DPO and a drop to less than
20% of Ppeak,DPO after passing the maximum, as a
result of the filaments being pulled out of the con-

crete with little friction. Coating the roving with c/p
dispersions significantly increases the peak loads
and the load levels in the slippage regime. In the
ascending branch, fiber debonding occurs up to
Ppeak,DPO, where the filaments are fully debonded.
The lower Ppeak,DPO values for c/PVA might be
caused by two factors: (i) a lower degree of penetra-
tion of the c/PVA rovings, i.e., less filaments are

Figure 6 SEM-EDX analysis of concrete-embedded c/PVA (w ¼ 0.8) coated rovings. (A) BS-SEM image, (B) elemental
distribution of silicon, (C) quantitative analysis of the pixel intensities along the white line in B, and (D) elemental distri-
bution of calcium.

Figure 7 Load-displacement curves of ARG 2400 rovings
coated with c/p dispersions based on the three polymers
under investigation.
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bound to the cement matrix, or (ii) a weaker inter-
face due to the crystallization of soft Ca(OH)2 on the
filament surface. The microscopic analyses support a
combination of both factors [compare Figs. 4(A) and
5(A)]. Similar to the as-received roving, the load-dis-
placement curves for c/EVA (!) and c/PVA (^)
show a pronounced drop of the load level at the
onset of slippage when the maximum is passed. In
contrast, pull-out is not observed with c/PVAc (n)
coated rovings as the interfacial bond-strength
exceeds the tensile strength of the roving, which is
severed after passing Ppeak.

Table I shows data extracted from the load-dis-
placement curves. The reinforcing efficacy u ¼
Ppeak,DPO/Ppeak,TST, with Ppeak,TST being the tensile
strength of the as received ARG2400 (entry 1), indi-
cates how effective the strength of the glass roving
is when used in pull-out experiments.18 In the set of
materials under investigation, u increases in the
order ARG2400 < c/PVA80:20 < c/EVA80:20 < c/
PVAc80:20 (entries 1–5) and, consequently, the c/
PVAc coating is used for further studies.

To investigate the effect of the molecular weight
on the pull-out performance, three PVAc samples
with Mw ¼ 55,000–70,000 (entry 5), 110,000–150,000
(entry 6), and 330,000–430,000 (entry 7), were used
to prepare c/PVAc coatings of w ¼ 0.8. Although for
polymers with identical chemical composition, the
chain mobility, rate of swelling, and the solubility
decrease with increasing molecular weight, no sig-
nificant influence of the molecular weight on the
pull-out results was found (entries 5–7). This leads
to the conclusion that cement hydration rather than
diffusion of moisture is the rate determining step in
the formation of the interfacial transition zone. For
all three molecular weights, efficacies of larger than
1 were found (entries 5–7), i.e., the measured pull-
out load exceeds the tensile strength of the roving.
This is possible since rovings always contain a cer-
tain number of filament breaks.26 Apparently, after
being embedded in concrete the matrix between the
individual filaments, formed by hydrolysing poly-
mer and cement of the c/PVAc coating, is strong

enough to bridge some of the filament breaks and,
thus, to push the failure load towards the theoretical
value.
For all coated rovings, large values for the pull-

out work Wpeak, which represents the dissipated
bond energy,27 are observed. After passing Ppeak,
roving pull-out occurs at varying load-levels except
for entries 5 and 6, where the filaments are severed.
The pull-out leads to high values for W in the de-
scending branch, with the friction largely contribut-
ing to the total pull-out work as documented by
W2mm.

13 This is especially pronounced for entry 7,
for which pull-out occurs at � 800 N.
To study the influence of the cement content w on

the fiber-matrix adhesion, c/PVAc mixtures with w
< 0.8 have been investigated (Fig. 8), due to their
superior thermoplastic processability. Upon decreas-
ing w, Ppeak decreases from 1118N 6 78N at w ¼ 0.8
to 456N 6 62N at w ¼ 0 (pure PVAc), which still
exceeds the value for the as received roving by 50%.
Additionally, roving pull-out occurs at w < 0.8. The
drop after passing from Ppeak,DPO to the load level of
the slippage regime increases with decreasing w,
indicating a lower contribution of friction due to the

TABLE I
Mechanical Test of as Received and Coated ARG 2400 Rovingsa

Entry Coating Testb Ppeak N uc Wpeak (mJ) W2mm (mJ)

1 � TST 886 6 47 0.34 6 0.09 59 6 11 –
2 – DPO 300 6 39
3 c/PVA, w ¼ 0.8 DPO 599 6 38 0.68 6 0.06 246 6 43 575 6 55
4 c/EVA, w ¼ 0.8 DPO 657 6 85 0.74 6 0.10 297 6 97 923 6 145
5 c/PVAc, w ¼ 0.8, Mw ¼ 55,000 DPO 1083 6 65 1.22 6 0.10 702 6 90 –
6 c/PVAc, w ¼ 0.8, Mw ¼ 110,000 DPO 1118 6 78 1.26 6 0.11 730 6 154 –
7 c/PVAc, w ¼ 0.8, Mw ¼ 330,000 DPO 933 6 50 1.05 6 0.08 525 6 75 1290 6 89

a Measured values are given in roman type, values calculated from these are given in italic type.
b TST ¼ tensile-strength test; DPO ¼ double-sided pull-out.
c Ratio of pull-out load to tensile strength Ppeak,DPO/Ppeak,TST.

Figure 8 Load-displacement curves of c/PVAc coated
ARG 2400 rovings at different cement content.
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larger amount of polymer in the coating acting as
lubricant, thus, giving rise to a softer interface.

CONCLUSIONS

Uncoated glass rovings have severe shortcomings
when used as reinforcements in concrete. We have
developed a reactive coating consisting of a soluble
polymer and nonhydrated cement, with which the
pull-out loads can be increased four times and the
dissipated bond energies up to 12 times, provided
that the chemistry of the reactive components is
properly adjusted. The rate of swelling and dissolv-
ing of the polymer directly controls the hydration of
the cement and, thus, the formation of the interfacial
transition zone between the filaments and the bulk
matrix. As a consequence, the pull-out responses
such as peak load and the frictional bond-strength in
the slippage regime can be tuned via the polymer
chemistry. The results demonstrate the high potential
of glass rovings with engineered interphase as rein-
forcements to improve the macroscopic load-bearing
behavior. This opens up new possibilities for the con-
struction of light, but nonetheless stable construction
elements made of concrete, thus, making previously
unprecedented architectural parts possible.

The author thanks Dyckerhoff AG, Neuwied, for providing
Mikrodur P-X andWacker GmbH& Co KG, Burghausen, for
the PVA and PVAc samples. He also thanks the technical as-
sistance ofMarkus Hojczyk and Franz-Josef Steffens.
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