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ABSTRACT: Assessing the workability of mortars for restoration and more general purposes has been the
subject of many standards and scientific publications over the last decades. A series of mortars made with dif-
ferent binders was brought to optimum water content for workability by an international group of masons.
Two methods are proposed to assess the static yield stress and water retention of these fresh mortars, two key
parameters of workability as defined by practitioners. Yield stress is measured with a vane test, originally de-
signed for clayey soil, and found to be related to specific surface area of the binder. The increase of yield
stress with resting time is quantified and the differences due to the effect of air entraining agent are demon-
strated. Water retention is characterised by the desorptivity of the mortars and measured in a vacuum suction
experiment. The setup is a modified version of an existing ASTM design. Both methods are complementary
to assess the defined workability parameters for different mortars and eventually can be an aid to design suit-

able mortars for specific purposes.

1 INTRODUCTION

When selecting or designing a suitable restoration
mortar for a specific situation, the first concern is for
a material which will be compatible with the exist-
ing fabric in appearance, composition (type of
binder and aggregate), mechanical, hygric and ther-
mal behaviour (Van Balen et al. 2005). These prop-
erties, which refer to the hardened state, are interre-
lated in a complex manner to the fresh properties of
the mortar, such as the rheology, water permeability
and adhesion to the substrate. Workability is a gen-
eral term to cover these fresh properties, and is con-
sidered by masons as highly important. A mortar
should be readily moulded in the voids to be filled
up, and then gain stiffness to keep its shape after ap-
plication. The kneading water should be sucked out
of the mortar by the substrate at a sufficient rate to
provide this stiffening, but not too fast as to avoid
difficulties in shaping the mortar body properly, and
not too much as to avoid an insufficient water con-
tent for full hydration of the hydraulic binder.

Rheology in the most broad sense describes the de-
formation of matter, and more specifically of every-
thing which lies between a perfect elastic solid and
an ideal Newtonian fluid. The rheology of mortar in
general is highly complex because mortar is a granu-

lar paste of questionable homogeneity with a solid
fraction far above the usual in the discipline. It ap-
plies the laws of continuum mechanics, which is fea-
sible if a sufficiently large scale is considered, and
homogeneity guaranteed (Coussot 2005, Wallevik
2003). Existing methods to assess rheology of mor-
tars are reviewed in (Banfill 2005). They can be di-
vided into rotational methods, compressive rheology
and some practice-oriented or empirical tests meth-
ods. This paper focuses on a rotational method,
based on the principle of a rotating vane, which in-
duces yielding in the circumscribing cylindrical
plane. This method is particularly suited for materi-
als which are sensitive to slip and segregation at the
cylinder surface (Lidell & Boger 1996).

Existing models that describe the rheological behav-
iour of mortar all have a yield stress parameter, and
one or more parameters quantifying the stress-strain
relationship under laminar flow. It is generally rec-
ognized that the behaviour of mortar changes with
time, and that thixotropy should be taken into ac-
count to properly describe these phenomena (Banfill
2005). Nevertheless, the most widely used models
assume the existence of one single steady state flow
curve, e.g. following the Bingham model:
T=1,+ uy, with 7 the shear stress, 7, the shear
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stress at zero shear rate, y the plastic viscosity and
y the shear rate. We will show that mortar has in re-
ality a dynamic yield stress, which is dependent on
time effects, deformation history and normal force.
Thus the values obtained in our vane test depend on
resting time and the time scale of the imposed stress
or strain. Normal force is assumed to be low in the
test setup, so that the influence can be neglected.
The study of the time scale of the experiment is re-
strained by a constant rotational velocity driving
mechanism, so that possible effects on yield stress
are not taken into account here. The specific appara-
tus used in this study was originally designed for lab
measurements of clayey soil and has recently been
proposed for use on binder pastes and mortars
(Hendrickx et al. 2006, Bauer et al. 2007).

The transport of water through a volume of semi-
solid mortar slurry or paste can be described using
the same principles as those applied for porous sol-
ids. A complete modelling of flow from mortar to
substrate using FEM could be done when the com-
plete water retention curve and hygroscopic curve of
both materials are known, as well as the initial state
and boundary conditions. At present, established ex-
perimental methods do not allow the mortar to be
characterised to this extent. Alternatively, a simple
sharp front model to describe the dewatering of a
slurry based on filter cake theory, is derived in (Hall
and Hoff 2002) and experimentally validated in
(Collier et al. 2007). This model presents the desorp-
tivity R of the wet mortar at constant capillary suc-
tion of the substrate as the main parameter to charac-
terise the mortar. R is determined experimentally for
different types of mortar using a simple pressure fil-
ter used in oil industry (Carter et al. 2003). In anal-
ogy to the sorptivity of bricks, which has been ac-
cepted to be a reliable measure for its capillary
absorption, desorptivity of mortar provides also
more useful information than the well-known stan-
dardised tests, which measure a quantity of water
absorbed by filter paper sheets (EN 413-2:2005) or
filter paper plates (EN 459-2:2001). The apparatus
described in ASTM C91, using vacuum suction, is
adapted in the experiments described below, to be
used in a procedure to measure desorptivity.

2 MATERIALS AND METHODS

2.1 Mortar composition

The description of the binders are listed in Table 1,
with a standardised denomination is possible. The
chemical properties measured by X-ray fluorescence

(XRF) and specific surface area (SSA) measured
with the BET method are given in Table 2. Binder 2
and 3 are prefabricated admixtured products; binder
7 is a lab mix of the ordinary Portland cement
(binder 6), plasticizer (modified stearic acid in pow-
der) and an air entraining agent (fatty acid / polygly-
col solution). The dosage was 0.4% and 0.1% of the
binder weight. The aggregate is a medium siliceous
quarry sand 0/0.5 (0/1) (EN 13139:2002) from a
quarry in Zutendaal, Belgium (Figure 1).

Table 1. Description of binders
N°  Description

1 calcic lime CL90S

2 calcic lime CL90S (EN 459-1:2001) (75%) with hy-
draulic binder (15%) and pozzolana (10%)

3 calcic lime CL90S (EN 459-1:2001) with air entrain-
ing agent

4 calcic lime CL90S (EN 459-1:2001) (66.7%) and or-
dinary Portland cement CEM 142.5 R (33.3%)

natural hydraulic lime NHL 5 (EN 459-1:2001)
ordinary Portland cement CEM 142.5 R

7  ordinary Portland cement CEM 142.5 R with admix-
tures: plasticizer and air entraining agent

Table 2. Chemical properties (XRF) and specific surface area
(BET) of binders

1 2 3 4 5 6
CaO (%) 96.6 751 963 756 512 63
MgO (%) 094 188 1.05 149 1.68 174
ALO; (%) 0.059 1.640 0.072 2.6 4.9 4.6
Si0, (%) 0.144 6.2 0.19 9.6 16.6  16.7
Fe,0; (%) 0.048 1.55 0.063 2.7 2.1 3.6
CO, (%) 2.0 10.6 2.0 3.0 19.8 2.9
SO; (%) 0.10 184 0.18 280 210 4.50
SSA (m¥g) 12.0 5.7 11.9 4.5 3.5 1.3

100%

©
=3
S
e
\

o N @
S 9 9
EAES
e

IS
=)
=

3
N

Fraction passing (%)
o
g
=

w
3
=

~|

N
Q
=

Q
=

0.01 0.1 1
Sieve aperture (mm)

Figure 1. Grading of the aggregate (Zutendaal sand).

The compositions of the batches are given in Table 3
by their binder to aggregate weight ratio (B:A) and
water to binder weight ratio (W:B). B:A values are
derived from practical experience and are compara-
ble to values given in various national standards.
For the prefabricated blended binders (binder 2 and
3), they are in agreement with the producer’s guide-
lines. W:B values have been determined for opti-
mum workability by a panel of six masons
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(Hendrickx et al. in press). Mixing is done using a
Hobart planetary mixer at low speed: 1.5 min mix-
ing, 30 s homogenising, 2 min mixing. All the com-
ponents are added in the beginning: first the water,
then half of the aggregate, then the binder and at last
the remaining half of the aggregate.

Table 3. Mortar composition in weight ratios

Binder: 1 2 3 4 5 6 7

B:A

0.13 020 0.13 021 021 025 025
(kg/kg)
W:B

202 090 148 1.00 1.13 093 0.79
(kg/kg)

2.2 Yield stress experiments

Yield stress was measured with a vane apparatus for
clayey soil (ASTM D4648) (Figure 2). It measures
the maximum torque necessary for a vane (DxH),
immersed in a sample container with mortar, when
rotation at constant is initiated. Previous research
has demonstrated that container dimensions of three
times the dimensions of the vane, are sufficient to
avoid any influence of edge effects (Lidell & Boger
1996). The mechanism is designed in a way that the
inner scale indicates ¢; the amount of deflection
over the spring and thus the magnitude of the torque,
and the inner scale indicates ¢, the angle over which
the vane has rotated inside the sample. From the
moment that the mortar yields and the vane starts to
move quickly, ¢, remains constant and ¢ starts to
increase at a rate ar.

It can be seen that ¢, = ot —¢@,. The torque exerted
on the vane can be expressed as: 7 = B-¢, with B a
constant of the calibrated spring, indicating the
torque per unit of rotation. Hence the shear stress in
a cylindrical plane circumscribing the vane can be
calculated as 77K, with the vane constant K equal to:

2
K:”le(uﬂj (1)
2-10°0 " 3H

The assumption that shear occurs exactly in this
place is a good approximation (Lidell & Boger
1996). The homogeneity of the material close to this
shear plane is discussed further. A typical test shows
three stages (Figure 3). In the initial stage there is an
increase of ¢ due to a small repositioning of the
vane and rearrangement of grains in the mortar. In
the second stage, the increase of both ¢; and ¢ are
constant. In the third stage, the spring angle reaches
a maximum and the residual angle increases more,
until the material yields: this last phenomenon can
not be derived from the scale reading, due to the
configuration apparatus. All mortars were measured

with a spring constant B=380°/Nm, except binder 4,
for which a vane with B=260°/Nm was used. The
vane has dimensions D=H=45mm. Rotation speed @

was constant and equal to 9.2°/min.
[
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Figure 2. Working principles of the soil vane test.
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Figure 3. Typical course of an experiment at constant o =
9.2°/min (mortar with binder 7).

2.3 Desorptivity experiments

The test setup form ASTM C91 was adapted to con-
tain a larger sample volume. The sample is intro-
duced in a perforated dish on top of a wetted filter
paper. The sample height is increased with respect to
the standardised version from 20 to 60 mm (Figure
4). This enables to have sufficient data points when
suction is applied for identifying the initial linear re-
gime of water loss with the square root of time (Hall
and Hoff 2002):

i=Rt 2)
with i the amount of evacuated water, expressed in
mm water column, R the desorptivity and ¢ time. The
pressure difference pl-p2 is generated by a vacuum
pump, in stead of the pressure cell used in (Carter et
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al. 2003). The mass of the dish with the filter paper
and sample is measured at the beginning of the test,
after wiping the bottom of the dish quickly with a
dry cloth. The vacuum pressure is applied to the
sample via the funnel by turning a valve. The seal
between the funnel and the dish is made with a layer
of silicone, which is applied to the funnel and
moulded in contact with the dish. Sealing with petro-
leum or light grease is avoided because it compli-
cates the removal and accurate weighing of the dish
at different times. Measurements were done after 1,
4,9, 25, 36, 49, 64 and 81 minutes, until the level of
the vacuum could not be sustained any more due to
gas breakthrough. Gas breakthrough occurs increas-
ingly from a certain point onwards, but initially, the
pressure drop over the sample can be kept constant
by increasing the pump suction. The repeated proce-
dure of closing the valve, removing and wiping the
dish, weighing, replacing, and reopening the valve
was done in 45 s.

filter paper

P

Figure 4. Geometry of the desorptivity test. The section of the
dish is circular, diameter 155mm.

It is assumed that the pressure, applied through the
perforations and the filter paper, is equally divided
over the bottom surface of the sample. We further
assume that the mortar’s solid fraction does not seg-
regate during the time of the test and that the pres-
sure drop over the filter paper is negligible com-
pared to the pressure drop over the sample. The
maximum pressure difference that can be realised in
this way is atmospheric pressure. If higher pressures
are needed, use of a pressure cell is an alternative.

3 RESULTS AND DISCUSSION

3.1 Rheological experiments

The results of the vane test are represented as a func-
tion of the actual time when yielding occurs (Figure

5 and 6). By doing so, the duration of the test, which
is often 10 min or more, is taken into account. The
values range from 20 tot 80 Pa shortly after mixing,
and rise above 100 Pa after 1 hour. A distinct behav-
iour is observed for air entrained mortars (15 to 30
% air content, binders 3 and 7) and non air entrained
mortars (3 to 7 % air content, binders 1, 4, 5 and 6).
In the first group the increase of yield stress is lim-
ited during the first half hour of resting time, and be-
comes more important during the second half hour.
The second group shows an adverse effect, with a
large increase in the early stage and a smaller in-
crease after 40 min. In both groups a large drop of
yield stress is obtained by pre-shearing the mortar.
This means that only a part of the stiffening is irre-
versible.
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Figure 5. Yield stress unsheared and pre-sheared for air en-

trained mortars.
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Figure 6. Yield stress unsheared and pre-sheared for non air en-
trained mortars.

For comparison of the different mortars, yield stress
values after 30 and 60 min of resting time were cal-
culated by linear interpolation (Table 4). It has to be
stressed that these values are valid only for the (rela-
tively low) rotation rate in this setup and that strictly
spoken, this method is neither rate controlled, nor
exactly stress controlled. The results are to be inter-
preted as a good basis for comparison: changing the
test parameters will influence the order of magnitude
of the absolute numbers.

Segregation of mortar by rising of water towards the
surface (“bleeding”) was observed during the tests,
especially in mortars with high desorptivity (see be-
low). This implies that, for those mortars, at least
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part of the yield stress increase is due to increasing
solid fraction, while for the other mortars, we can
speak of a real increase of internal structure.

When comparing the mortars without entrained air, a
correlation can be noted between the yield stress and
the specific surface area (SSA) of the binder (Figure
7). The practical meaning of this correlation is that,
even when W:B is optimised for each of the mortars,
the differences in behaviour remain measurable. Dif-
ferent binders have a different optimum yield stress:
binders with larger SSA are judged workable by ma-
sons even at higher measured yield stress.

Table 4. Yield stress values after 30 and 60 min of resting time.

Binder: 1 3 4 5 6 7
Ty vanes 98 91 78 69 64 54
t=30s (Pa)
Ty vanes 116 115 108 97 75 97
t=60s (Pa)

105

Yield stress, t=30 min (Pa)

60

SSA (m?/g)

Figure 7. Yield stress measured with vane at 30 min of resting
time as a function of SSA of binder powder.

3.2 Water retention experiments

The amount of water removed from the mortar at
constant vacuum pressure increases proportionally to
the square root of time until a certain point, from
where it tends to an asymptotic value (Figure 8).
This asymptotic value corresponds to the equilib-
rium water content of the material for the applied
vacuum suction.

The observed behaviour can be fitted by least
squares to a linear function for the earlier part and an
exponential function for the later part. The transition
point between both parts is determined by visual as-
sessment of the curves. The slope of the linear part
corresponds to the desorptivity R of the mortar, as
defined in equation 2. The later data points can be
fitted to an exponential equation of the form:

y'= A(l - exp(=Bx')) 3)
where (x’,)’) are the coordinates relative to the tran-
sition point with the linear part. 4+x’'=y(i.,) is an
estimator for i, the equilibrium value of i after a
long time. Figure 9 gives an example for mortar with

binder 1. From p(i.,), the geometry of the test and
the mortar compositions, we can calculate z(we,),
the estimated equilibrium water content (in kg/m?)
of the mortar after a long time at the applied vacuum
pressure.
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Figure 8. Quantity of desorbed water as a function of time for
mortars with different binders.
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Figure 9. Fitting of data to an exponential curve; data of mortar
with binder 1, vacuum pressure 200mbar.

Table 5 gives the measured values and calculated
parameters for the 7 tested mortar types, as well as
the values of water retention (WR) obtained for
these mortars in the standardised tests with filter pa-
per and filter paper plates.

Table 5. Numerical results of standardised water retention tests,
desorptivity measurements and regression analysis.

Binder: 1 2 3 4 5 6 7

I\J’derﬁ}ﬁzr) 93 94 95 93 8 87 88
;Yﬁegl(t;f) 8 93 92 81 66 63 78
fm wesy 013008 014 012 026 032 020
?mm/so's) 319 187 280 3.59 521 578 5.4

B(10°s%%) 387 500 274 29.8 442 483 300
wi, (kg/m¥ 353 178 217 292 326 313 236

6‘((;”/;)3) 237 116 144 139 175 145 72
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For increasing pressures with the same mortar, we
observe both a higher initial increase R and a higher
final equilibrium water content w,, (Figure 10 and
11). The increase of desorptivity can be empirically
fitted to a power law function of the shape:
R=C-P" 4)
where C and n are the empirical constants. This cor-
responds to the findings of other authors (Green et
al. 1999, Carter et al. 2003). The exponent is related
in filter cake theory to the compressibility of the fil-
ter cake, 0.50 corresponding to the condition of an
incompressible cake (Green et al. 1999).
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Figure 10. Quantity of desorbed water as a function of time for
different vacuum pressures and mortar with binder 1.
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Figure 11. Desorptivity of mortar with binder 1 (air lime) as a
function of applied vacuum pressure, fitted with to power law
function: R=9.75-107 -P"°.

The results of the standardised water retention tests
using filter paper sheets (EN 413-2:2005) could not
be correlated in a meaningful way to data obtained
from other experiments. Observations of the impor-
tance of the transition resistance between the differ-
ent sheets confirm that this test cannot yield a physi-
cally relevant value. The filter paper plate test on the
other hand was found to give a good indication for
the desorptivity under vacuum (Figure 12).

100%

90% -

80%

70% -

60% -

Water retention (filter plates)

50% T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

R (mm/s%%)

Figure 12. Water retention measured with filter paper plates as
a function of calculated desorptivity.

4 CONCLUSIONS

Two important aspects of mortar workability, its
rheology and water retention, have been discussed
for a series of mortars with different binders. The
yield stress has been measured successfully with the
laboratory vane test for clayey soil. Results however
remain valid only for the applied rotation rate, vane
dimensions and spring characteristics. The influence
of these parameters is still to be investigated. The
differences in absolute value between the mortars’
yield stress and the different behaviour in time for
air entrained and non air entrained mortars have
been demonstrated. This test has the important ad-
vantage over the flow table test or penetration tests,
that it gives a meaningful physical quantity as a re-
sult, which can easily be interpreted in terms of
practical use. The advantage over scientific rheome-
ters is that the instrument has lower cost, is available
in most soil mechanical labs and has a suitable
torque range and dimension.

The same advantages are valid for the desorptivity
experiment with the vacuum pump: it starts from a
small adaptation of a standard setup which is avail-
able in a large number of building material labs. The
actual process of suction by a porous brick resem-
bles more to this setup, than to the technique with a
pressure cell used by other researchers. The disad-
vantage is the rather laborious test procedure and the
restriction of applied suction to atmospheric pres-
sure. The result is more meaningful than the results
of the traditional standardised tests with filter paper
of filter paper plates, because it yields a rate of water
loss in stead of one single point. Further more the
data can be used to estimate the equilibrium value at
the applied vacuum pressure, which allows to char-
acterize the water retention curve of the mortar in
the covered pressure range. The weakness remains
that for high desorptivity mortars, a significant incli-
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nation of the curve is observed already after the sec-
ond point, which causes the calculated desorptivity
value to be less accurate, deviating towards the
lower end. The measured desorptivity value is found
to be inversely proportional to the water retention
value measured by filter paper plates. This means
that this simple test is a suitable method to estimate
desorptivity.

The observed differences between the mortars can
be related to the value of the SSA and to the effect
of air entraining agents in the mortar. SSA is in-
versely proportional to desorptivity, and addition of
air entraining agent has a decreasing effect, though
of less importance. There is evidence for a negative
correlation between mortar desorptivity and yield
stress, through their dependence on the SSA. A
higher SSA gives lower desorptivity and higher
yield stress for mortars without air entraining agent.
Caution is needed however to interpret the results
because of the different B:A values of the mortars
tested. A similar trend was found for the mortars
with air entraining agent. These findings illustrate
the important effect of air content and SSA on both
yield stress and desorptivity, two of the most impor-
tant aspects in assessing the workability of mortar.
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