








Fig. 12. X-ray absorption results for experiment #8, using a coarse cement.

Fig. 13. X-ray absorption results for experiment #9, with a high CE dosage and 26% water.
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verify that the particle movement and accompanying den-
sification is mainly a physical phenomenon and has little
to do with cement chemistry, carbonation, etc. As shown
in Fig. 15, significant densification and instability (void for-
mation) were present in this mortar, further confirming the
hypothesis that the movement of small particles along with
the high viscosity pore fluid during drying is largely respon-
sible for the densification observed at the top surface of the
mortar. Since the limestone mortar is inert and contains no
cement to react with the water, it does not set even after a
day of drying. Thus, as a final check on the hypothesis, the
completely dried specimen was carefully sectioned into
three layers representing the top, middle, and bottom of
the sample. The powder from the sectioned layers was
placed in crucibles that were placed in a furnace at
400 �C to burn off the CE and then subjected to particle
size distribution analysis. The obtained cumulative particle
size distributions are provided in Fig. 16. From the figure,
the volume fraction of smallest particles is clearly enhanced
in the top and middle layers of the mortar in agreement
with the X-ray profiles in Fig. 15 and the basic hypothesis
concerning particle movement.

While the results of these experiments and the verifica-
tion of the hypothesis that small particles are mobile during
the drying process in these high viscosity systems is of basic
scientific interest, it is worthwhile to return to the perfor-
mance characteristics of the tile adhesives and discuss the
impact of these observations. The formation of these large

void regions could be partially responsible for the unusu-
ally low later age tensile strengths sometimes exhibited by
these materials, especially if the voids are formed at or near
the interface between mortar and substrate. Voids of sev-
eral mm in size would surely result in substantial strength
reductions. In terms of open time, the densification of the
top surface by the smaller particles in the system likely con-
tributes to a reduction in the open time by further decreas-
ing the ‘‘tackiness’’ of the top surface. Furthermore, their
movement results in a concentration of the most reactive
cement particles at the top surface of the mortar where
their more rapid hydration could further contribute to a
reduction in open time both by reducing free water content
and by stiffening the paste. Thus, from a practical stand-
point, it would seem to be beneficial to formulate a mortar
where this particle movement is minimized and these large
decreases in local density do not occur. The addition of
RPP, the utilization of a coarser cement, and the incorpo-
ration of pre-wetted lightweight aggregates all appear to
offer the potential to achieve such a formulation. However,
in viewing the open time results in Table 2, the open time
performance of the three mortars with the RPP additions
(experiments 3–5) are no better than those of the base sys-
tem investigated in experiment #1. While it is conjectured
that the RPP stabilizes the particle movement due to the
formation of a polymer network, this same network may
substantially contribute to film formation at the exposed
(drying) surface, preventing a longer open time. On the

Fig. 14. X-ray absorption results for experiment #10, with a high CE dosage and 22% water.
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other hand, the two systems with the pre-wetted LWA
additions (experiments 6 and 7) provided open times that
were more than double that of the base system. While
experiment #6 produced a highly unstable system in terms
of bleeding and densification at the top surface, experiment
#7 produced a stable mortar with a greatly increased open
time that may be worthy of further investigation. The
coarse cement system (experiment 8) also produced a stable
mortar but with an open time of only 5 min, and its lower
reactivity and slower strength development must also be
considered. Thus, while extensive laboratory and field test-
ing will be needed to further evaluate the feasibility and

robustness of each of these approaches, the approach based
on pre-wetted lightweight fine aggregates appears to be the
most promising at this point in time.

4. Conclusions

X-ray absorption measurements performed during the
drying of typical mortar tile adhesives have suggested a
new mechanism contributing to film formation at the
exposed (drying) surface, namely the mobility of small
cement particles carried along by the drying fluid, due to
the extremely high viscosities of the pore fluids containing
cellulose ethers. This particle movement is exemplified by
the development of a densification front occurring immedi-
ately adjacent to the penetrating drying front. An addi-
tional effect of the drying/particle movement can be the
formation of internal voids (and regions of low density)
several mm in size within the mortar. Such voids could sig-
nificantly reduce the final strength properties of these mate-
rials. Possible mitigation strategies to minimize the particle
movement during drying in high viscosity mortars include
utilizing a coarser cement, including a redispersible poly-
mer powder, and incorporating internal curing via the
addition of pre-wetted lightweight aggregates. Further
evaluation of these technologies will be required to deter-
mine their usefulness in practical applications under field
conditions.

Fig. 15. X-ray absorption results for experiment #11, using a limestone powder.
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Fig. 16. Cumulative particle size distributions for top, middle, and bottom
portions of the limestone mortar specimen at the end of experiment #11.
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