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Abstract Despite the fact that the maximum content
of fines in aggregates is restricted in national and in-
ternational standards, the use of unwashed sands in
restoration mortars is often demanded by restorers due
to their colouring properties. The colour of these ag-
gregates may be caused by clay minerals in the fine
fraction below 63 μm. Hence, this study aims to deter-
mine the influence of loam and clay contents in a quartz
aggregate on the properties of fresh and hardened lime-
and lime-cement-mortars. The experimental results re-
vealed that the main effect of clay fines in aggregates is
an increase of the water demand for a constant mortar
consistency. As a consequence, the higher water/binder
ratio causes a strong decrease of the mortar qual-
ity with respect to mechanical, hygral and durability
properties.

Résumé Bien que la teneur maximale en fines des
granulats soit limitée par des normes nationales et in-
ternationales, l’utilisation de sables non lavés dans les
mortiers de restauration est souvent demandée par les
restaurateurs du fait de leur effet colorant. La couleur
de ces sables est toutefois souvent due à leur teneur en
minéraux argileux dans leur fraction fine < 63 μm. La
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présente étude avait pour but de déterminer l’influence
de la teneur en argile de granulats de quartz sur les
caractéristiques du mortier frais et du mortier durci
de mortiers de chaux et de mortiers bâtards. Cette
étude a permis de mettre en évidence que l’effet princi-
pal des fines argileuses des granulats est d’augmenter
la teneur en eau nécessaire pour obtenir une consis-
tance égale du mortier. Cette augmentation de la teneur
en eau provoque une nette diminution de la qualité
du mortier pour ce qui est de ses caractéristiques de
résistance mécanique, de résistance à l’humidité et de
durabilité.

1. Introduction

When using restoration mortars for historical buildings,
often a colour adaptation of the new mortars to the old
material is required. This can be done – besides the use
of pigments - especially by the application of coloured
sands. However, the colour of these aggregates is of-
ten caused by clay minerals in the fine fraction below
63 μm. Furthermore, the analysis of historical mortars
reveals high contents of a clay fine fraction in the ag-
gregates in some cases, leading to the conclusion that
unwashed pit sands were used [1]. On the basis of this
data unwashed sands are used in some laboratory stud-
ies on the development of restoration mortars [2] and
even lead to the recommendation to use such aggregates
in the field [3].
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Other authors mention, that unwashed sands usu-
ally improve the mortar workability due to their clay
content, but do not recommend their use in the field,
as they reduce mortar durability [4, 5]. Clay fines
or clay lumps are regarded as undesirable harmful
aggregate constituents. They cause a high water de-
mand of the mortar leading to a reduction in strength
and durability [6, 7]. They show a strong adhesion
to the coarse aggregate grains and thus decrease
the bonding between the hydrated binder matrix and
aggregate.

Although calcined clays are much more reactive to
alkaline solutions, uncalcined clays release Al and Si
ions into the solution [8]. In the presence of calcium hy-
droxide, calcium silicate hydrates and/or calcium alu-
minate hydrates are formed [9]. Due to this reactivity,
the sulphate resistance of the mortar may be influenced
negatively.

Concerning restoration mortars this is a very im-
portant point as historical buildings are often highly
contaminated with soluble sulphates. Some historical
buildings e.g., in northern Germany had even been
constructed using gypsum or gypsum lime mortars.
Restoration mortars with a low sulphate resistance
are not suitable in these cases. Laboratory studies
revealed that clay minerals are able to act as alu-
minium source for the formation of the expansive
phase ettringite [10]. A damage case caused by ettrin-
gite formation from clay agglomerates in a gypsum-
lime mortar shows this potential very clearly [11].
Other authors found an ettringite formation caused
by clay agglomerates in a failed cement-treated base
pavement [12]. Hence, the use of unwashed sands
may decrease the sulphate resistance of a restoration
mortar.

European standard EN 13139 on mortar aggregates
assesses the fines in appendix A. Fines can be consid-
ered non-harmful when the total fines content in the fine
aggregate (sand) is below 3% (or other value according
to the provisions valid in the place of use of the aggre-
gate), or the sand equivalent value or the methylene
blue test do not exceed certain limits.

To study the effect of clay fines in aggregates, the
influence of loam and clay contents of grain size be-
low 63 μm on the properties of fresh and hardened
lime based mortars was investigated. The experiments
were carried out on mortars with a constant consis-
tency, representing the field conditions in restoration
practice.

2. Materials and methods

2.1. Materials

To cover the whole range of binders used for the restora-
tion of historical masonry, three hydrated limes (one
white lime and two natural hydraulic limes) and two
lime–cement mixtures were studied:

–hydrated white lime CL 90 according to European
standard EN 459-1, specific surface 18700 cm2/g ac-
cording to EN 196-6 (Blaine method)

–hydrated natural hydraulic lime NHL 2, specific sur-
face 10600 cm2/g

–hydrated natural hydraulic lime NHL 5, specific sur-
face 12600 cm2/g

–mixture of white lime CL 90 with high sulphate resis-
tant Portland cement CEM I 42.5 N – HS according
to EN 197-1 (specific surface of the cement: 4100
cm2/g), proportions 75/25 by weight = binder LPC

–mixture of white lime CL 90 with high sulphate re-
sistant Portland blastfurnace slag cement CEM III/B
32.5 N – NW/HS according to EN 197-1 (specific sur-
face of the cement: 3800 cm2/g), proportions 75/25 by
weight = binder LSC

The following aggregates were used:

–standard quartz sand 0-2 mm according to EN 196-1
–standard sand with addition of 4 and 8 mass-% loam
–standard sand with addition of 2, 4, 6 and 8 mass-%
kaolin

The phase compositions of loam and kaolin were
determined by X-ray diffraction analysis (Table 1).
The specific surfaces were measured using the Blaine
method.

The binder/aggregate ratio was 1:5 by weight. Table
2 gives the compositions of the mortar mixes examined
in this study.

Table 1 Phase composition and fineness of loam
and kaolin

mineral phase/mass-% loam kaolin

illite + muskovite 12 0
kaolinite + clinochlore 18 96
quartz 70 1
orthoclase 0 3
specific surface/cm2/g 7000 12600
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Table 2 Mix proportions, fresh mortar properties, strength and length change of hardened mortar

loam ∗) kaoline ∗) w/b wrc Edyn PF PC εm εhm εs1 εsw εs2

mortar mass-% mass-% – mass-% MPa MPa MPa mm/m mm/m mm/m mm/m mm/m

CL90 − − 1.06 93.5 8100 0.7 2.4 −14.2 −0.09 −14.3 +0.10 −0.03
CL90-L4 4 − 1.11 93.8 7300 0.7 2.5 −16.9 −0.11 −17.0 +0.09 −0.01
CL90-L8 8 − 1.16 94.0 6700 0.7 2.6 −20.2 −0.13 −20.3 +0.13 −0.07
CL90-K4 − 4 1.14 93.9 7000 0.6 2.0 −20.5 −0.11 −20.6 +0.11 −0.06
CL90-K8 − 8 1.23 94.2 5900 0.5 2.1 −21.4 −0.15 −21.6 +0.12 −0.04
NHL2 − − 0.88 83.2 12600 2.8 9.1 −2.4 −1.10 −3.5 +0.14 −0.10
NHL2-L4 4 − 0.94 88.1 10600 2.1 7.2 −3.9 −1.38 −5.3 +0.16 −0.17
NHL2-L8 8 − 1.02 89.3 8000 1.6 5.7 −1.5 −5.54 −7.1 +0.16 −0.15
NHL5 − − 0.88 87.0 12800 2.9 10.1 −0.8 −0.83 −1.6 +0.15 −0.13
NHL5-L4 4 − 0.97 90.5 10200 1.9 7.2 −0.6 −1.93 −2.5 +0.17 −0.14
NHL5-L8 8 − 1.05 93.4 8600 1.8 6.3 −1.2 −3.89 −5.1 +0.20 −0.20
NHL5-K4 − 4 1.02 88.7 8700 1.2 6.2 −4.8 −0.63 −5.4 +0.15 −0.11
NHL5-K8 − 8 1.14 91.2 5600 0.8 5.0 −0.9 −4.92 −5.8 +0.20 −0.21
LPC − − 0.88 91.5 9500 2.0 6.3 ±0.0 −0.36 −0.36 +0.09 −0.05
LPC-L4 4 − 0.93 92.8 8200 1.7 5.6 −0.5 −0.48 −1.0 +0.13 −0.11
LPC-L8 8 − 1.03 92.4 6400 1.2 4.2 −0.2 −1.10 −1.3 +0.19 −0.13
LPC-K2 − 2 0.93 92.2 9300 2.0 6.3 −0.2 −0.54 −0.7 +0.23 −0.05
LPC-K4 − 4 0.98 94.2 8100 1.9 5.1 −0.2 −0.58 −0.8 +0.13 −0.06
LPC-K6 − 6 1.03 93.1 7900 1.9 5.7 ±0.0 −0.88 −0.88 +0.28 −0.18
LPC-K8 − 8 1.12 92.5 7000 1.5 4.7 −0.3 −1.55 −1.9 +0.14 −0.08
LSC − − 0.89 90.3 8600 1.4 5.1 −0.4 −0.84 −1.2 +0.20 −0.14
LSC-L4 4 − 0.94 93.3 8300 1.6 5.4 −0.9 −1.95 −2.9 +0.18 −0.10
LSC-L8 8 − 1.04 93.4 7900 1.8 5.2 −1.2 −2.32 −3.5 +0.18 −0.13
∗) referred to aggregate w/b: water/binder ratio wrc: water retention capacity
Edyn: dynamic modulus of elasticity PF: flexural strength PC: compressive strength
εm : shrinkage “in the mould” εhm: shrinkage of the hardened mortar εs1: total 1st shrinkage
εsw: swelling εs2: 2nd shrinkage

2.2. Mortar mixing and curing

The mortars were mixed according to EN 196-1. Their
water/binder ratios were adjusted to a flow of 140 mm
± 5 mm determined using the DIN 18555-2 standard
(flow table test). This consistency would be suitable for
a mortar used for jointing masonry. Standard EN 196-1
prisms 40 mm × 40 mm × 160 mm were produced.

The specimens were stored up to an age of seven
days at 20◦C and 95% relative humidity and demoulded
as soon as possible. As an exception the samples with
white lime CL90 were stored the first seven days at
23◦C and 50% relative humidity and demoulded after
three days. A storage in a wet climate is not suitable for
this binder as the first “setting” occurs due to a partly
vaporisation of the mixing water. After this pre-storage
the further curing was as follows:

–binder CL90: 20◦C and 65% relative humidity and
weathering with 1 volume-% CO2. The samples were

immersed two times per week for 30 sec under water.
This procedure accelerates the carbonation process of
air hardening lime mortars [13].

–other binders: 20◦C and 65% relative humidity and
weathering with 1 volume-% CO2

–samples for the sulphate resistance test: 23◦C and 50%
relative humidity

2.3. Characterization methods

The water requirement for a flow of 140 mm ± 5 mm
was determined according to DIN 18555-2. The water
retention capacity of the fresh mortar was measured
according to DIN 18555-7.

Dynamic modulus of elasticity was tested using the
resonance frequency method, flexural and compressive
strength were determined according to DIN 18555-3.

The first shrinkage of lime mortars is caused by
the drying shrinkage (similar as for example in loam
mortars), the carbonation shrinkage and – if the
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binder contains hydraulic components – the chemical
shrinkage due to the hydration reactions. With the
usual techniques (e.g., according to DIN 52450) only
measurements on hardened samples are possible.
Especially mortars based on air hardening lime show a
strong shrinkage in the early state (transition between
plastic and hardened mortar). The determination of
this early length change was performed by measuring
the length of the empty steel mould with an accuracy
of ±0.01 mm using a slide gauge. After that the
fresh mortar was filled in. The hardened prisms were
demoulded as soon as possible and their length was
determined using the slide gauge. The so-called
shrinkage “in the mould” was calculated from the
length difference between mould and specimen. The
further length change was measured using the conven-
tional technique (dilatometer). The total 1st shrinkage
results from the addition of both shrinkage values.
Hygral length change was determined by immersion
of the specimens in water of 20◦C for 7 days (swelling)
and subsequent drying of the specimen in the climate
20◦C and 65% relative humidity (2nd shrinkage).

The hygral properties were tested at a sample age of
56 days using 40 mm × 40 mm × 160 mm prisms
with their side faces sealed. The water absorption coef-
ficient (rate of water absorption, capillary suction) and
total capillary water absorption (saturation under water
at atmospheric pressure) were measured according to
DIN 52617 and DIN 52103 respectively. Water desorp-
tion (drying behaviour) was determined by weighing as
described in [14], method B10P, using the previously
water saturated samples. As characteristic value, the
amount of desorbed water after 24 hours was calcu-
lated (as percentage of the total absorbed water). The
water vapour diffusion resistance was tested according
to DIN 52615 (wet-cup method).

Total porosity and pore size distribution were deter-
mined by mercury intrusion porosimetry at a sample
age of 90 days. Before measurement the mortar sam-
ples were reduced to a particle size of 2–4 mm using a
pair of pincers and dried at 70◦C for two weeks. For in-
terpretation of the results the pore size classification de-
scribed by Romberg [16] was used (air pores >10 μm,
capillary pores 10-0.03 μm, gel pores <0.03 μm).

Freeze-thaw resistance was tested at sample age of
90 days as described in [14], method A7M. The mortar
samples (three standard prisms 40 mm × 40 mm ×
160 mm) were saturated in water and air- and water-
tight sealed in transparent film. 75 cycles +20/−20◦C

(4 hours at each temperature) were performed. At
the beginning and after 75 cycles the dynamic mod-
ulus of elasticity was measured. The reduction in
E-modulus was used as criterion for the structural dam-
ages due to frost attack.

A high sulphate resistance is a very important
property for restoration mortars as historical buildings
often contain high amounts of soluble sulphates.
The method described in [17] for testing the internal
sulphate attack was used in this study. 15 weight-% of
gypsum (dihydrate) was added to the binder. Mortars
as described above were produced with the same
water/binder ratio as the reference mortar without
gypsum addition. The mortar samples were demoulded
as soon as possible and cured as described in 2.2
until a sample age of 28 days. After that pre-curing
the specimens were stored at 8◦C under water. Their
length change was determined using a dilatometer. The
relative length change with respect to the reference
sample without gypsum addition was calculated. This
testing method can be regarded as very harsh because
the sulphate is in direct contact with the binder phases
(aluminate and ferrate phase and their hydration
products), which may form expansive reaction prod-
ucts. In addition, the storage at low temperature is
favourable for ettringite and thaumasite formation
due to thermodynamic reasons. After the sulphate
resistance test, the samples were investigated using
X-ray diffraction and scanning electron microscopy
to determine the potential formation of the expansive
phases ettringite and thaumasite.

3. Results

3.1. Fresh mortar properties

Table 2 shows the results of the fresh mortar charac-
teristics. In general, water/binder ratio and water reten-
tion capacity are closely related to the specific surface
of the binder systems. Mortars prepared from binders
with a high specific surface show a high water demand
for a given consistency but also a high water retention
capacity.

The clay aggregate additions cause a remarkable
increase of water/binder ratio up to 20%. The effect
of kaolin is stronger compared to loam due to its
higher specific surface (12600 cm2/g and 7000 cm2/g
respectively). It can be expected that the increased



Materials and Structures (2006) 39:433–443 437

80

85

90

95

100

0.80 0.90 1.00 1.10 1.20 1.30

water/binder ratio / -

w
rc

 /
 m

a
s

s
-%

CL90
NHL2
NHL5
LPC
LSC

loam

0

4
8

0

0

0

8
8 0

4
4

4

4
8

8

80

85

90

95

100

0.80 0.90 1.00 1.10 1.20 1.30

water/binder ratio / -

w
rc

 /
 m

a
s
s
-%

CL90
NHL5
LPC

kaoline

0

4

8

0 4
8

0

4 8
2

6

Fig. 1 Influence of clay fines on water/binder ratio and water
retention capacity (numbers indicate amount of clay added).

water/binder ratios will negatively influence hardened
mortar properties and durability.

The water retention capacity increases by the ad-
dition of loam and kaolin (Fig. 1). Hence, mor-
tars with clay contents show fewer tendencies to dry
out when applied to a surface with a high water
absorption coefficient. This effect is related to the
high specific surface of the clays but also to their
water binding ability. Increasing water/binder ratio in
mortars without clay additions generally has the oppo-
site effect, a reduction of the water retention capacity.

3.2. Mechanical properties

The mechanical properties of the examined mortar
mixes are given in Table 2. With increasing amount of
clay in the aggregate a decrease in dynamic modulus of
elasticity, flexural and compressive strength is found.
The reduction in E-modulus and strength can be up to
50% and is related to the increase of the water/binder
ratio as shown in Fig. 2 for compressive strength. The
higher the water demands of the mortar, the lower are E-
modulus and strength. Hence, kaolin shows a stronger
effect compared to loam.
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Fig. 2 Influence of clay fines on compressive strength (numbers
indicate amount of clay added).

3.3. Shrinkage and swelling

Table 2 shows the values for 1st shrinkage, swelling and
2nd shrinkage. The 1st shrinkage is strongly dependant
on the hydraulic binder proportions. Lime based mor-
tars with low hydraulic proportions need only a small
part of the mixing water for the formation of hydrate
phases. The main portion of the mixing water is used to
make the mortar workable and evaporates during dry-
ing of the mortar. Additionally, lime hydrates with low
hydraulic portions have a higher specific surface and
therefore a higher water demand. For these reasons,
shrinkage – especially the shrinkage “in the mould” in-
creases in the sequence NHL5 < NHL2 < CL90. Both
lime-cement mortars show the lowest shrinkage.

The clay additions always increase the 1st shrinkage,
which is linked to their influence on the water/binder
ratio (Fig. 3). The increasing demand of mixing water
for the same consistency that is caused by the clay
additions leads to an increasing 1st shrinkage. Due to
the water retaining properties of the clay minerals the
drying shrinkage (shrinkage “in the mould”) relatively
decreases with respect to the shrinkage of the hardened
mortar, when loam and clay content raises.
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Fig. 3 Influence of clay fines on 1st shrinkage (numbers indicate
amount of clay added).

Hygral swelling and 2nd shrinkage are low for
the mortars without clay additions. According to [14]
a maximum hygral length change of ±0.30 mm/m
is recommended for restoration mortars. The clay
additions increase the absolute values for swelling and
2nd shrinkage only slightly. Due to the swelling ability
of clay minerals caused by water absorption a stronger
effect could have been expected. Other clay minerals,
especially of the smectite type (e.g., montmorillonite),
should cause higher values for swelling and 2nd
shrinkage [15].

3.4. Hygral properties

Table 3 shows the capillary water absorption coeffi-
cient, the total capillary water absorption under atmo-
spheric pressure, the drying behaviour (as % of water
desorbed after 24 h) and the water vapour diffusion
resistance.

The clay aggregate additions cause an increase of the
water absorption coefficient (Fig. 4) and of the capillary
absorbed water (Fig. 5) the more of this material is
added. Thus, it can be concluded that clay fines in
aggregates increase both the rate of water sorption
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Fig. 4 Influence of clay fines on the capillary water absorption
coefficient (numbers indicate amount of clay added).
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Fig. 5 Influence of clay fines on capillary water absorption
(numbers indicate amount of clay added).
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Table 3 hygral properties, frost resistance and mercury intrusion porosimetry of hardened mortars

ω Wabs Wdes,24h μ FTR 75 cycles ρbulk ρ true TP AP CP GP r
mortar kg/(m2√h) Vol.-% % – reduction ∗) Edyn / % ∗) g/cm3 g/cm3 Vol.-% Vol.-% Vol.-% Vol.-% μm

CL90 9.1 17.3 40.6 11.4 samples destroyed 1.97 2.61 24.48 8.64 14.40 1.42 1.80
CL90-L4 10.9 18.8 36.6 10.1 samples destroyed 1.93 2.62 26.17 6.99 16.89 2.29 0.65
CL90-L8 11.9 20.3 34.7 9.8 samples destroyed 1.90 2.64 28.10 7.80 17.90 2.39 0.58
CL90-K4 10.9 19.7 33.2 10.2 samples destroyed 1.88 2.59 27.35 7.78 18.10 1.48 0.64
CL90-K8 12.7 21.1 28.6 10.1 samples destroyed 1.55 2.70 30.28 6.77 21.40 2.14 0.47
NHL2 4.1 19.2 32.8 15.2 62.3 2.06 2.77 25.29 4.20 16.90 2.95 0.44
NHL2-L4 4.3 19.4 30.4 14.5 66.2 1.92 2.63 27.15 4.01 17.20 3.29 0.34
NHL2-L8 4.9 22.3 29.4 13.1 67.4 1.85 2.47 26.04 4.50 18.40 2.75 0.47
NHL5 6.0 19.7 34.9 13.1 68.6 1.92 2.56 25.25 3.25 18.40 3.62 0.41
NHL5-L4 4.7 21.3 29.0 13.2 68.8 1.93 2.61 26.10 4.24 18.40 3.47 0.31
NHL5-L8 7.3 23.2 27.6 11.5 72.1 1.92 2.67 28.01 4.14 20.12 3.76 0.28
NHL5-K4 6.9 22.6 28.4 12.7 71.5 1.85 2.51 26.18 3.90 19.31 2.96 0.33
NHL5-K8 7.8 24.5 28.3 11.2 71.5 1.88 2.58 27.34 4.58 20.50 3.30 0.35
LPC 8.6 20.1 34.2 10.6 15.0 1.94 2.60 25.10 4.02 18.50 2.59 0.31
LPC-L4 9.1 21.5 32.4 10.5 19.0 1.93 2.62 26.35 3.78 19.80 2.77 0.30
LPC-L8 9.4 22.6 27.9 9.4 24.0 1.86 2.61 28.91 4.11 22.10 2.73 0.32
LPC-K2 8.7 20.9 32.4 10.3 8.5 n. d. n. d. n. d. n. d. n. d. n. d. n. d.
LPC-K4 9.2 21.9 29.3 10.3 12.9 1.85 2.59 28.60 4.46 21.60 2.57 0.33
LPC-K6 9.8 23.1 29.5 9.8 19.8 n. d. n. d. n. d. n. d. n. d. n. d. n. d.
LPC-K8 10.0 24.2 30.3 8.9 22.7 1.80 2.60 30.65 3.92 24.20 2.49 0.33
LSC 6.9 20.2 32.8 11.9 3.8 1.95 2.61 25.72 3.64 19.25 2.82 0.33
LSC-L4 8.4 21.0 26.6 11.1 22.3 1.93 2.61 25.99 3.67 19.41 2.92 0.25
LSC-L8 8.9 22.9 26.5 10.0 65.2 1.87 2.59 27.82 3.68 21.10 3.04 0.29

ω: capillary water absorption coefficient Wabs: capillary water absorption
Wdes24: desorbed water after 24 h (as % of adsorbed water) μ: water vapour diffusion resistance
FTR: freeze-thaw resistance as E-Modulus reduction in % after 75 cycles
ρbulk: bulk density ρ true: true density TP: total porosity
AP: air pores > 102 μm CP: capillary pores 102 - 10−2 μm GP: gel pores < 10−2μm
r: medium pore radius n. d.: not determined

and the total amount of water absorbed in the mor-
tar. Also in this case, this effect is related to the wa-
ter/binder ratio. With increasing water/binder ratio the
mortar contains an increasing part of the mixing wa-
ter that is not needed for hydration reactions. When
this part of the mixing water evaporates, capillary
pores are left which play an important role in water
transport. High capillary pore contents usually have
a negative effect on durability, for example on frost
resistance.

The clay additions slow down the drying-out of the
mortar samples (Fig. 6). This effect is caused by their
water-retaining action. Historical lime mortars usually
show a quick drying-out [13].

The water vapour diffusion resistance of all exam-
ined mortar samples is very low. This is typical for
lime-based mortars that have not been modified by ad-
mixtures. The water vapour diffusion resistance tends

to decrease slightly with increasing clay content. This
can also be explained by the increasing capillary pore
content.

3.5. Mercury intrusion porosimetry

Table 3 shows the results. The clay fines increase to-
tal porosity. This effect is mainly caused by a raise
in capillary porosity that is linked to the increasing
water/binder ratio (Fig. 7). This also causes the faster
and higher water absorption and the decreasing water
vapour diffusion resistance. Kaolin influences the cap-
illary pore content stronger than loam.

The median pore radius is slightly decreased in most
cases by the addition of clay fines in mortars on the basis
of hydraulic lime and lime-cement. In the binder system
CL90 the clay minerals cause a decrease of the median
pore radius from 1.80 μm to values around 0.50 μm.
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Fig. 6 Influence of clay fines on drying behaviour (numbers
indicate amount of clay added).
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Fig. 7 Influence of clay fines on capillary porosity estimated by
mercury intrusion porosimetry (numbers indicate amount of clay
added).

These low values are similar to those of the binders
with hydraulic proportions.

This effect may indicate a hydraulic reaction be-
tween calcium hydroxide and the clay minerals.

The median pore radius correlates well with the dry-
ing behaviour of the mortar samples, as shown by [13].

3.6. Freeze-thaw resistance

The reference mortar on the basis of air hardening lime
has a very poor freeze-thaw resistance (Table 3). Even
at the minimum requirement according to [14] (15 cy-
cles ±20◦C) all specimens show a strong cracking. This
is in good agreement with previous investigations [18].
The samples with binder CL90 and additions of loam
or clay show a strong cracking and also a loss of ma-
terial. After 75 cycles all CL90 samples were almost
completely destroyed, thus a determination of elastic
modulus was not possible.

The mortars on the basis of hydraulic lime (NHL2
and NHL5) show also strong damages. The decrease
in elastic modulus gets stronger when loam or clay is
added to the aggregate.

Concerning freeze-thaw resistance lime-cement
mortars are more durable compared to hydraulic limes.
Especially in the lime-slag cement system a strong neg-
ative effect of clay and loam additions on the durability
can be observed. The LSC mortar without loam addi-
tion shows a decrease of elastic modulus by 4% after
75 freeze-thaw cycles. An addition of 4% loam causes
a decrease by about 25%, the sample with 8% loam
shows a decrease by approximately 75%.

3.7. Sulfate resistance

Concerning the mortars without addition of loam or
clay the results of the sulphate resistance test reveal, that
the samples with hydraulic lime as binder show a strong
expansion that leads to a complete destruction of the
specimens after 1-2 weeks of testing. Also both lime-
cement mortars showed strong expansion and cracking
after several weeks. This is in good agreement to pre-
vious studies [18].

The influence of loam and clay additions on sul-
phate resistance of lime-based mortars is displayed in
Fig. 8. All hydraulic mortars show a strong expansion
after several weeks of testing. Concerning the expan-
sion, a negative influence of clay fines on sulphate re-
sistance could not clearly be determined. As a tendency
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Fig. 8 Influence of clay fines on sulphate resistance.

Fig. 9 SEM image of mortar LSC after sulphate resistance test.
Needle-type ettringite has crystallized in the mortar structure.

however, a slightly earlier occurrence of the expansion
reaction can be recognized.

Ettringite could be identified by X-ray diffraction
in all degraded mortar specimens. Thaumasite did not
occur in any sample. Mortars with binder CL90 and
added loam or clay did not contain ettringite or thau-
masite in quantities that could be determined by X-ray
diffraction.

In comparison to the samples without clay, a stronger
ettringite formation of the loam or kaolin containing
mortars after the sulphate resistance test is observed
using scanning electron microscopy (SEM). Fig. 9 and
Fig. 10 show this influence clearly on the example of
the LSC mortars without and with addition of 8% loam
to the aggregate.

The ettringite formation occurs mainly on the sur-
face of the clay minerals. This can even be observed
for mortars without any hydraulic constituents (binder
CL90). Figure 11 shows that – as expected – no et-
tringite has been formed in mortar CL90 during the
sulphate resistance test. With the same resolution of
the SEM-image also in the kaolin containing sample

Fig. 10 SEM image of mortar LSC-L8 after sulphate resistance
test. More and larger ettringite crystals as in Figure 9.

Fig. 11 SEM-image of mortar CL90 after sulphate resistance
test. No ettringite crystals.

no ettringite can be found (Fig. 12). Using a higher
magnification, ettringite formation could be observed
on the surface of the kaolin crystals (Fig. 13). Also in
the samples containing loam, an ettringite formation on
the surface of the clay minerals occurs (Fig. 14). From
these results it can be concluded, that clay containing
aggregates may serve as aluminium source for the for-
mation of the expansive mineral ettringite in the case
of sulphate attack.

4. Conclusions

Increasing amounts of clay fines in the aggregates in-
fluence the fresh mortar properties as follows:

Clay minerals lead to a higher water requirement
for a given consistency, thus improving workability.
The increase of the amount of mixing water does not
lead to a decrease of the water retention capacity due
to the water retaining properties of the clay minerals.
Therefore, the clay fines improve the fresh mortar char-
acteristics.
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Fig. 12 SEM-image of mortar CL90-K8 after sulphate resis-
tance test. Plate-shaped kaolin crystals. At this magnification no
ettringite can be observed.

Fig. 13 SEM-image of mortar CL90-K8 after sulphate resis-
tance test. Formation of ettringite crystals on the surface of the
kaoline.

However, the increase in water demand causes a
strong decrease in the quality of the mortar concern-
ing mechanical, hygral and durability properties:

Compressive strength, flexural strength and dy-
namic modulus of elasticity are reduced by up to 50%.
Strictly speaking this cannot be regarded as negative, as
historical mortars often show similar mechanical char-
acteristics. However, low strength is often linked to a
poor durability.

The 1st shrinkage increases to a large extent, for
example in mortars with binder NHL5 from 1.6 mm/m
without clay fines to 5.8 mm/m with the addition of 8
weight-% kaolin. A strong shrinkage may lead to the
formation of cracks which reduce mortar durability.

The rate of water absorption is faster (increase of
water absorption coefficient) and total absorption is
higher. Also this effect cannot generally be considered
as negative, because historical mortars may have simi-
lar hygral properties. The increase in water absorption

Fig. 14 SEM-image of mortar NHL2-L8 after sulphate resis-
tance test. Ettringite formation on the surface of the clay miner-
als.

correlates well with an increase in capillary pore con-
tent determined by mercury intrusion porosimetry.
Generally, an increase of the capillary pore content re-
sults in a lowered freeze-thaw resistance, if a sufficient
amount of air voids is not present.

The drying-out of water saturated samples is slowed
down with increasing amounts of clay minerals in the
aggregates. This can be regarded as negative concern-
ing the adaptation to the characteristics of historical
mortars and to durability applications.

Clay fines decrease the resistance to water vapour
diffusion, which can be regarded as positive with re-
spect to restoration purposes.

Freeze-thaw resistance is lowered if aggregates con-
taining clay minerals are used. This is linked to the
higher capillary pore content caused by the increased
water demand.

Clay fines have a negative influence on the sulphate
resistance. SEM investigations revealed that clay min-
erals may act as aluminium source for the formation of
the expansive mineral phase ettringite.

As a consequence of the experimental results, it can
be concluded that clay minerals in the fine aggregate
fraction below 63 μm have a negative influence on the
durability of lime-based mortars. Unwashed aggregates
should not be used as mortar sands without further in-
vestigation of their clay content. If a high content of
fines is required, quartz or limestone powder should be
used.

In the case of a colour adaptation of the restoration
mortar to the historical material, an aggregate should be
used, which colour does not result from clay minerals.
As an alternative, colour pigments can be applied.
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