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ABSTRACT: Hydrated lime is a historic material currently used in conservation. It hardens slowly by carbonation 
slowing construction however, supplementary cementitious materials accelerate hardening enhancing strength. 
Hydrated-lime mortars with rice husk ash–RHA-; ground granulated blastfurnace slag–GGBS- and increasing 
amounts of two aggregates were studied. Increasing aggregate lowered strength as interfacial zones proliferate; it 
lowered hygric properties and raised water demand. Aggregate content/composition didn’t affect the high water 
retention. For the higher aggregate contents (90 days), limestone mortars are c.20% stronger than silica mortars 
while the (1:1) silica sand mortars are 56% stronger in flexion. Additions increased strength with little impact 
on hygric properties. GGBS increased strength c.six times. RHA increased strength with little impact on hygric 
properties due to its great specific surface and high water-demand increasing porosity. GGBS and RHA proper-
ties ruling hydrate production and the kinetics of the pozzolanic reaction are considered partially responsible 
for the mortar property variation.
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RESUMEN: Influencia del árido y materiales cementantes suplementarios en las propiedades de los morteros de 
cal hidratada. La cal hydratada es un material histórico que se usa en conservación. Endurece despacio por 
carbonatacion pero materiales cementantes suplementarios aceleran su endurecimiento. Se estudian morteros 
de cal con escoria granulada molida de alto horno (GGBS) y ceniza de cascara de arroz (RHA) con cantidades 
variables de dos tipos de árido. GGBS multiplicó por 6 la resistencia mecánica del mortero de cal. RHA afectó 
ligeramente las propiedades hídricas por su elevada superficie específica que incrementa el agua de mezclado 
aumentando la porosidad. El aumento de árido redujo la resistencia mecánica, trabajabilidad y propiedades 
hídricas del mortero. La cantidad/composición del árido no afectó la alta retención de agua. Los morteros de 
árido de caliza (2:1 y 3:1) incrementaron un 20% su resistencia a la compresión con respecto a los de arena 
de sílice mientras que la resistencia a la flexión de los arena de sílice (1:1) es 56% superior que sus equivalentes 
de caliza.
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1. INTRODUCTION

The use of hydrated lime (European designation: 
CL90s) implies well-known issues such as a slow 
hardening by carbonation, drying shrinkage and low 
early and ultimate strengths however, it offers ben-
efits such as physical and chemical compatibility with 
historic and traditional masonries, high workability 
and water retention; and an ease of application and 
long-lasting plasticity that allow masons to re-work 
mortars and reset masonry units. Furthermore, lime 
has environmental credentials based on a lower pro-
duction energy than cement and the reabsorption of 
the associated CO2 emissions during hardening by 
carbonation. Carbonation is a slow process therefore, 
working with hydrated lime mortars slows down con-
struction, being one of the reasons why hydrated limes 
were superseded by hydraulic binders. Supplementary 
cementitious materials usually speed up hardening 
and increase early strength development.This paper 
investigates the properties of hydrated lime mortars 
with additions (rice husk ash –RHA- and ground 
granulated blastfurnace slag –GGBS-) and increas-
ing amounts of two different types of aggregate. Six 
hydrated lime mortars were studied with increasing 
proportions of either Portland limestone or silica 
aggregate. The 3:1 silica aggregate mortar was further 
studied replacing 10, 20 and 30% of lime with either 
RHA or GGBS.

As the paper studies the influence of the aggre-
gate and supplementary cementitious materials on 
the properties of hydrated lime mortars, the subsec-
tions below discuss background research in both 
areas. In addition, the subsections below also include 
results by former authors on the influence of RHA 
and GGBS in the properties of lime mortars.

1.1. Influence of aggregate in lime mortars.

Although mortar properties are mainly determined 
by the binder´s nature, the aggregate plays a role. 
There is no agreement on whether calcitic (limestone) 
aggregate produces stronger mortars than siliceous 
(SiO2-quartz) aggregate. Vicat (1) concluded that cal-
citic aggregates produced slightly stronger mortars 
than non-calcitic aggregates. Lanas and Alvarez (2), 
using hydrated lime, report strength increase using 
limestone aggregate. They attribute this to the homo-
geneity between binder and aggregate and to syn-
taxial growth during carbonation facilitated by the 
calcite in the aggregate providing nucleii for crystal 
growth. However, Holmes and Windgate (3) disagree, 
claiming that limestone aggregate produces weaker 
lime mortars. Pavía and Toomey (4) found that natu-
ral hydraulic lime mortars (NHL2) with limestone 
aggregate were slightly weaker than those with sand-
stone and quartz aggregate. Some of these discrepan-
cies are due to the use of different ‘parent’ limestones 
to produce the aggregate and different lime binders. 

A wide range of limestones are used for manufactur-
ing aggregate: from the nonporous, dense limestones 
as strong as some granites to much weaker, porous 
and permeable carbonate rocks.

1.2. �Pozzolans and supplementary cementitious 
materials in lime mortars.

In early civilizations, pozzolans such as ceramic and 
volcanic dust were used to enhance the properties and 
durability of lime mortars and concrete. Nowadays, 
pozzolans and supplementary cementitious materi-
als such as rice husk ash (RHA), ground granulated 
blastfurnace slag (GGBS), metakaolin, fly ash or silica 
fume are added to Portland cement (PC) and lime to 
enhance the properties of mortars and concrete and 
reduce cement content improving sustainability.

Air lime hardens by carbonation; however the 
introduction of pozzolans and supplementary 
cementitious materials alters hardening by produc-
ing hydrates. The hydrates in a lime/ pozzolan matrix 
are similar to those found upon hydration of hydrau-
lic limes and cements; but pozzolanic hydrates form 
slowly and appear later (5, 6). However, pozzolanic 
hydrates have been found, after 24 h of curing, in 
RHA–lime (CL90s) mortars; progressively increasing 
in size and amount at 3 and 7 days and joining each 
other to form continuous networks after 14 days (7).

The additives were selected from previous work by 
Walker and Pavía (8, 9) who concluded that, out of 9 
pozzolans and supplementary cementitious materials, 
GGBS and RHA were amongst the most reactive due 
to their high amorphousness (non-crystalline, reac-
tive content); and that GGBS produced the highest 
strength (together with metakaolin) followed by RHA 
and other high reactive-silica content pozzolans.

RHA is an agricultural waste product. In unpro-
cessed rice kernels, roughly 75% is rice and bran and 
the remaining 25% is the husk. In countries of large 
rice industries, the rice is par-boiled in mills which 
are fuelled by the husks. On combustion, the cellu-
lose-lignin matter in the husk burns away, leaving a 
porous silica skeleton which is grinded into fine par-
ticles known as RHA (10).

Blastfurnace slag (BS) is a by-product of the steel 
industry. It results from the combination of iron ore 
with limestone flux and is obtained from the man-
ufacture of pig iron in a blastfurnace. When BS is 
quenched by water it forms a glassy material known 
as granulated blastfurnace slag (GBS) which is later 
grounded (GGBS).

1.3. Impact of RHA in lime mortars

RHA has been largely tested in PC matrices but 
rarely with lime. In the pozzolanic reaction triggered 
by the RHA, the lime -Ca(OH)2- reacts with the 
amorphous silica in the RHA to form calcium-silicate 
hydrates (CSH) which should provide strength and 
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durability. According to Boateng et al. 1990 (11) the 
CSHs formed are CSH I and CSH II. RHA is nearly 
pure silica (Tables 2 and 3) therefore no calcium alu-
minate hydrates occur as a result of the pozzolanic 
reaction.

Pavía et al. (7) concluded that lime replacement with 
RHA improves mortar workability, lowering the water/
binder ratio required to reach a specific consistency. 
They also concluded that RHA significantly speeds 
setting (a 1CL90s:3RHA- mix sets 2.5 times faster 
than lime alone) and lowered porosity. They also noted 
that increasing RHA content significantly increased 
strength and elastic modulus: the mortars with the 
highest RHA content (1:3 -CL90s:RHA-) were c.37 
times stronger in compression and nearly 5 times stron-
ger in flexion than the hydrated lime mortars.

1.4. Impact of GGBS in lime mortars

Similarly to RHA, GGBS has been largely tested 
with PC. It has been demonstrated that GGBS 
improves the general performance of PC compos-
ites by lowering chloride diffusion and permeability; 
reducing drying shrinkage; increasing sulfate resis-
tance and enhancing strength. Little work has been 
found on the effect of GGBS on pure hydrated lime 
mortars. Işıkdağa and Bekir (12) noted increasing 
strength and bond in lime/GGBS mortars.

In a GGBS/lime matrix, the lime -Ca(OH)2 - 
reacts with the amorphous silica in the GGBS to 
form calcium-silicate hydrates (CSH) which provide 
strength and durability. In addition, the GGBS con-
tains alumina (13.85%-Table 3) therefore, the lime 
should also react with the amorphous alumina in 

the GGBS to produce calcium aluminum silicate 
hydrates (CASH) (Osborne 1999) (13). GGBS (a 
latent hydraulic binder rather than a pozzolan) is 
supposed to contain a small amount of clinkers 
therefore, on hydration, the clinkers will release 
some lime that will then be used in the pozzolanic 
reaction.

2. MATERIALS AND METHODS

In all mortars, the binder is hydrated lime 
(CL90s), complying with EN459-1 (14). Six differ-
ent mortars were produced with increasing aggre-
gate content (from 1:1 to 3:1 by volume), three with 
each aggregate (Table 1). The calcitic aggregate was 
manufactured from Portland Witbed, an oolitic 
limestone from the Jurasic period. The siliceous 
sand is similar in grading and composition to the 
CEN normal sand. Water was added to achieve a 
170 ± 5 mm initial flow diameter (15). As it can be 
seen form Table 1, the water demand raises with 
the aggregate content due to increasing friction in 
aggregate interfaces lowering workability therefore 
more water is needed to reach the flow. It was also 
noted that the Portland limestone sand has a greater 
water demand than the silica aggregate which can be 
attributed to the hygric properties of the limestone 
with a predominant macroporosity eager for water 
(see properties of the aggregates below).

All mortars with supplementary cementitious 
materials were fabricated with silica sand and a 
binder/aggregate ratio of 1:3 by weight. Table 2 
shows the mix proportions and water demand for 
each mix. Water was added to achieve a 165 ± 5 mm 

Table 1.  Composition of mortars with varying aggregate. a- aggregate; W/B-water/binder ratio.

Designation aggregate a: lime by vol. W/B a: lime (g)

1:1CL90 P limestone 1:1 1.34 3720:1000

2:1CL90 P limestone 2:1 1.65 5710:1000

3:1CL90 P limestone 3:1 2.20 10330:1000

1:1CL90 S Silica sand 1:1 1.09 2900:1000

2:1CL90 S Silica sand 2:1 1.52 4580:1000

3:1CL90 S Silica sand 3:1 1.68 8470:1000

Table 2.  Composition and water content of mortars with supplementary cementitious materials.

Designation CL90 (%) GGBS (%) RHA (%) W/B

100%CL 100 0 0 1.06

10%GGBS 90 10 0 0.97

20%GGBS 80 20 0 0.96

30%GGBS 70 30 0 0.87

10%RHA 90 0 10 1.00

20%RHA 80 0 20 1.03

30%RHA 70 0 30 1.07
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initial flow diameter. The ingredients were dry 
mixed for 2 min. Water was then added and mixed 
for 2 min at low speed and finally at high speed for 
1 min. The mortars were molded and compacted on 
a vibration table according to EN459-2 (15). They 
were initially covered with damp hessian to prevent 
shrinkage cracking, de-molded after 3 days and 
cured for 53 days at c. 60% humidity and 20 ± 2° 
temperature. Each property measured is the arith-
metic mean of three-six specimens.

2.1. Properties of the aggregates

A qualitative chemical composition was deter-
mined for the silica sand using a Tescan MIRA 
Field Emission Scanning Electron Microscope with 
Energy dispersive X-ray attachment. Both aggregates 
are fairly pure in composition (calcium carbonate 

vs silica)-Figure 1. However, their pore system and 
reactivity differ: while the silica sand consists of 
monocrystalline and polycrystalline quartz (SiO2): 
a non-porous, highly-crystalline phase of low reac-
tivity, the limestone aggregate comprises abundant 
microcrystalline calcite (micrite), a higher specific 
surface phase of greater reactivity. Furthermore, 
the limestone sand has a grain supported fabric 
(of micrite ooids with substantial inter-ooid space 
often filled with coarser carbonate known as sparite 
cement) which typically leads to significant open 
porosity and permeability. According to Dubelaar et 
al. (16), macropores ranging from 10–100 µm domi-
nate the pore system of this limestone and c. 20% 
of pores range between 0.01 and 0.2 µm- under the 
micro pore range (<1 µm). Further physical proper-
ties of the Portland limestone, as tested in the labo-
ratory, are set in table 3.

Figure 1.  Aggregate properties by energy dispersive X-Ray analysis (EDX), X-ray fluorescence (XRF) and 
petrographic microscopy.

Aggregate Chemical composition by 
XRF (%) and EDX

Petrography and mineralogy

Portland 
limestone

Siliceous

95.8 calcium carbonate 

1.2 magnesium carbonate 

0.3 aluminium oxides 

0.3 iron oxides 

1.3 silica 

1.4 water (and other) [10]

Si and Al (qualitative)
Monocrystalline & polycrystalline quartz; 

occasional feldspar and rock fragments (all held by 
blue resin). Polarized light. Field of view 4.2 mm.

Calcite –CaCO3- (micrite–brown-and sparite-white), 
shell fragments and traces of quartz. Natural light. 

Field of view 4.2 mm.
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The particle size distribution (Figure 2) indicates 
that the limestone sand is coarser than the silica sand 
and also, it contains less fines and has a wide range 
of particle sizes varying from filler grade (< 100 µm) 
up to 5 mm.

2.2. Properties of the RHA and GGBS

As aforementioned, the additives were selected 
from previous work by Walker and Pavía (8, 9) who 
concluded that, out of 9 pozzolans and supplemen-
tary cementitious materials, GGBS and RHA were 
amongst the most reactive due to their high amor-
phousness (non-crystalline, reactive content); and 
that GGBS produced the highest strength (together 
with metakaolin) followed by RHA and other high 
reactive-silica content pozzolans. The reactivity of 
pozzolans and other supplementary cementitious 
materials is governed by their active (amorphous) 
silica and alumina content and their specific surface. 

According to Massaza (6), specific surface governs 
reactivity at earlier stages of the pozzolanic reaction 
whereas later, it is the active silica and alumina con-
tent that govern reactivity. The RHA in this study 
is a low temperature, highly siliceous and reactive 
ash of high specific surface area, containing little 
crystalline silica (cristoballite) and unburnt cellulose 
material (7). According to these authors (7), its spe-
cific surface area (13.70 m2/g) is significantly supe-
rior to GGBS and PFA and comparable to hydrated 
lime (16.08 m²/g), which makes lime combination 
easier in the early stages of the pozzolanic reaction. 
In addition, despite the presence of crystalline sil-
ica (Table 4) and some carbon (maximum loss on 
ignition at 800 ºC < 4%), the RHA showed a high 
reactivity (7).

The GGBS has a slightly greater particle size 
(2–50 microns vs the 1–11 microns of the RHA) and 
a much smaller specific surface area than the RHA. 
It also contains more lime and alumina (Table 5) 
and is totally amorphous (Table 4). No clinkers were 
detected in the GGBS (Table 4).

2.3. Physical properties of mortars

The compressive (Fc) and flexural strength (Ff) 
were measured according to EN1015-11 (17). The 
flexural test was performed on 40x40x160 mm mor-
tar prisms using a Zwick testing machine at rates of 
loading of 1mm/min. Compression strength tests 
were carried out on the half prisms using a loading 
rate of 1 mm/min. The open porosity and bulk density 
were tested according to RILEM recommendations 
(18). The water absorption was measured accord-
ing to UNE 67-027-84 (19) and capillary suction 
according to EN 1925 (20). Here, the dry   samples 
were immersed to a depth of 3 ± 1 mm; removed and 

Figure 2.  Accumulative curves of aggregate particle size  
(% passing vs size in microns).

Table 3.  Properties of the Portland limestone used to manufacture the aggregate (coefficient of variation (%) –COV- in brackets.

Comp. Strength  
(MPa)

Flex. Strength  
(MPa) 

Bulk density  
(Kg/m3) Porosity (%)

Capillary suction  
(gm/m2.min0.5 / gm/m2.sec0.5)

Water  
absorption (%)

54.23 (1.76) 6.23 (1.12) 2159.15 (0.60) 15.4 (0.60) 638.05 / 82.16 (2.54) 7.19 (0.79)

Table 4.  Properties of the pozzolans (Walker and Pavía 2010). (*) 5% detection limit.

Pozzolan Surface area Amorphousness Mineralogical composition by XRD (*)

RHA 13.70 Total (5) Quartz , crystoballite

GGBS 2.65 Mostly (4) No crystalline fraction

Table 5.  Chemical composition of the pozzolans (8).

Pozzolan SiO2 Al2O3 CaO Fe2O3 SO3 K2O MgO

RHA 93.84 1.93  0.68  0.29 - 1.38 0.45

GGBS 34.14 13.85 39.27  0.41 2.43 0.26 8.63
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weighed at specific time intervals of 1, 3, 5, 15, 30 
and 60 minutes. The coefficient of water absorption 
by capillarity was then calculated. The water reten-
tion was measured following EN 459-2 (15).

The bond strength was tested using a direct pull 
out test similar to Maravelaki-Kalaitzaki (21). The 
test measures the direct tensile strength of the inter-
face rather than the shear strength of the interface 
as in conventional pull off  tests. In order to avoid 
shear force, a hole was drilled in the stone pieces 
sandwiching the mortar and the sample pulled apart 
through pins inserted in the holes. The properties 
were measured after 90 days of curing (except for 
strength, measured at 28 and 90 days).

The mortar microstructure was studied using a 
Tescan MIRA Field Emission Scanning Electron 
Microscope (SEM). Hydration and pozzolanic reac-
tion produce hydrates which determine the physical 
properties of the mortars (moisture movement and 
strength) therefore, the occurrence, amount and 
nature of the hydrates was monitored over time with 
the SEM.

3. RESULTS AND DISCUSSION

3.1. Effect of increasing aggregate content in 
hydrated-lime mortars

For the two aggregate types, the mortar strength 
lowers when increasing the aggregate content, this 
is attributed to the proliferation of aggregate-binder 
interfaces (or transition zones) which are disconti-
nuities in the structure of the composites.

The only exception is the flexural strength of the 
limestone sand mortar which, rather than lowering, 
slightly increases with increasing aggregate content 
(the 1:1 and 1:2 mortars have flexural strengths 18 
and 6% lower respectively than the 3:1 mix- Table 6).

Increasing the amount of aggregate raises the 
mortar’s water demand (Table 1), and this often 
enhances the mortar’s porosity and water absorp-
tion. However, rather than growing, the open poros-
ity, water absorption and capillary suction decrease 
with increasing sand content (Table 7). This suggests 
that the CL90s binder pores are more active in liquid 
moisture transport than the pores in the aggregate 
and the interfacial transition zone. Figure 3 shows 
the fully carbonated microstructure of the hydrated 
lime binder including abundant pores with an exten-
sive size range.

Likewise, in NHL5 mortars, the strength also 
lowers with increasing aggregate however, unlike 
the CL90s mortars, the hygric properties raise (22) 
which was endorsed to the multiplication of tran-
sition zones being more active in liquid moisture 
transport than the NHL5 binder (in the silica sand 
mortars); and to the greater suction and open poros-
ity of the aggregate when compared to the NHL5 
binder (in the limestone aggregate mortars) (22).

The water retention, high in all cases, does not 
show a consistent trend.

Finally, as it can be seen from Table 1, increas-
ing the aggregate content raises the mortar water 
demand which is due to increasing friction in 
aggregate interfaces lowering workability therefore 
demanding more water to reach a given flow.

Table 6.  Mechanical properties of silica (S) and limestone (P) aggregate mortars. COV (%)- in brackets. 

Mortar

Compressive s.  (MPa) Flex. Strength  
28 days Bulk density

Bond  
strength (MPa)28 days 90 days

1:1CL90 P 0.67 (3.1) 1.48 (2.7) 0.13 (3.0) 1490.4 (0.0) 0.02

1:1CL90 S 0.61 (4.2) 1.45 (3.2) 0.32 (12.9) 1695.9 (0.6) 0.01

2:1CL90 P 0.44 (3.1) 1.33 (11.4) 0.16 (14.4) 1685.7 (0.4) -

2:1CL90 S 0.42 (3.1) 1.01 (4.5) 0.21 (7.7) 1775.9 (0.4) -

3:1CL90 P 0.32 (3.2) 0.70 (6.9) 0.17 (4.8) 1704.9 (1.2) -

3:1CL90 S 0.35 (4.2) 0.54 (1.2) 0.19 (6.0) 1766.0 (0.2) -

Table 7.  Hygric properties of silica (S) and limestone (P) aggregate mortars- (*) (gm/m2.sec0.5) COV- in brackets.

Mortar
Water  

retention (%)
Water  

absorption (%) Porosity (%)
Capillary  
suction (*)

1:1CL90 P 91.08 (0.2) 25.69 (0.4) 38.29 (0.4) 357.45 (0.6)

1:1CL90 S 91.08 (0.8) 17.77 (0.8) 30.14 (0.4) 395.50 (2.6)

2:1CL90 P 93.38 (0.8) 16.60 (1.2) 27.99 (0.9) 262.44 (2.1)

2:1CL90 S 92.29 (0.6) 12.22 (0.5) 21.69 (0.1) 275.30 (2.5)

3:1CL90 P 89.69 (0.7) 15.70 (1.1) 26.77 (0.9) 245.43 (1.9)

3:1CL90 S 93.05 (0.0) 14.63 (0.7) 20.56 (1.0) 294.46 (2.4)
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3.2. �Effect of aggregate composition on the 
properties of hydrated-lime mortar

The compressive strength at 28 days is very simi-
lar for both aggregates at all aggregate contents. 
However, at 90 days, the compressive strengths of 
the 3:1 and 2:1 limestone mortars are 22 and 24 % 
greater than the equivalent silica mortars although 
at lower aggregate contents (1:1), the strengths are 
similar (Table 6). Other authors have also found a 
compressive strength increase in lime mortar when 
using limestone aggregate (1, 2) however, results are 
not directly comparable due to the use of different 
limes, limestone aggregate types and water/binder 
ratios. Here, the coarser limestone aggregate may 
have enhanced strength by reaching a higher bond 
at the interfacial transition zone due to the auspi-
cious texture, reactive nature and high suction of 
the limestone sand surfaces (Table 3 and section a. 
Properties of the aggregates).

The flexural strength (at 28 days) shows an oppo-
site trend whereby the silica sand mortars are 56% 
stronger than the limestone mortars at low aggre-
gate content (1:1) however, as the aggregate content 
increases, the difference becomes smaller and, at 
3:1 rates, the flexural strengths only differ by 10% 
(Table 6).

The strength of the bond is not conclusive as 
most samples became detached during testing and 
the bond strength could not be measured. The 
aggregate’s composition does not seem to signifi-
cantly affect the mortar water retention.

The porosity and water absorption of the lime-
stone sand mortars are 21-23% and 7-30% greater 
(respectively) than the silica mortars. This agrees 
with the slightly (3-12%) greater bulk density of the 
silica sand mortars. It can also be attributed to the 
macropores (ranging from 10 to100 µm) that domi-
nate the pore system of the limestone sand, taking 
a large amount of water. The greater water demand 
of the limestone aggregate (Table 1) (which can also 
be attributed to the macroporosity of the limestone) 
may have also contributed to the increased poros-
ity and water absorption of the limestone mortars 
when compared to the silica ones.

In contrast, the capillary suction of the silica sand 
mortars is superior by 4–16%. This can be endorsed 
to the presence of more binder (relative to sand) in 
the silica sand mortars and to the macropores in the 
limestone sand being less suction-efficient. The mor-
tars were mixed by volume therefore, the silica sand 
mortars contain more lime binder relative to the 
amount of aggregate than the limestone sand mor-
tars. The nature of the hydrated lime binder is the 
same in both mortars. In a hydrated lime binder, most 
pores range between 0.5 and 1 µm and the porosity 
(measured with mercury porosimetry and hydrostatic 
weights at water contents comparable with those in 
this paper) ranges between 51 and 66% (23). However, 

macropores ranging from 10–100 µm dominate the 
pore system of the Portland limestone aggregate (16) 
while the pores in the pure quartz aggregate are virtu-
ally non-existent. Therefore, the silica sand mortars 
include a greater number of fine, suction-active pores 
likely associated with the CL90s binder.

When replacing CL90s with NHL5 the same 
trends in hygric properties were found (22): the 
limestone aggregate mortars reached greater poros-
ity and water absorption than the silica mixes at 
all aggregate contents; and the silica mortars had 
a greater capillary suction than the limestone sand 
mortars. This was attributed to the limestone aggre-
gate having more active macropores and the silica 
sand mortars including a greater number of fine, 
suction-active pores associated with the HNL5 
binder (22).

3.3. Effect of supplementary cementitious materials 
on the mechanical properties and microstructure of 
hydrated lime mortars

As expected (Table 8) the substitution of lime with 
supplementary cementitious materials enhances 
lime mortar strength which increased with rising 
replacement level. GGBS mortars achieved higher 
strength than RHA mortars at all replacement lev-
els. This was expected as GGBS contains a small 
amount of clinkers (under 5% which is the detec-
tion limit of X-Ray Diffraction analysis), similar to 
those in PC, that hydrate fast providing strength. In 
addition, the high glassy content (amorphousness) 
of the GGBS and some minor components present 
in amounts under the 5% XRD detection limit have 
also enhanced strength. The 30% GGBS replace-
ment mortar has a compressive strength 6  times 
greater than the lime mortar. The 10 and 20% 
GGBS mortars reached twice and five times greater 
strengths respectively than the lime mix.

The 28-day flexural strength shows a similar 
trend (Table 8): 10 and 20% GGBS replacements 
increased lime mortar strength by 68 and 200% 
respectively and the 30% GGBS mortar reached 
the highest flexural strength with a 260% increase. 
Replacing CL90s with RHA also enhances com-
pressive strength by approximately 42% (10% 
replacement), 153% (20% replacement) and four 
times increase at 30% replacement. The flexural 
strength increase for mortars with 10, 20 and 30% 
RHA replacement were 7, 39 and 65% respectively.

The SEM analyses confirmed these results. 
Figure 3 shows the typical microstructure of a pure, 
hydrated-lime binder with clusters of carbonated 
lime (CaCO3) forming an open structure. In con-
trast, Figures 4 and 5 show much denser microstruc-
tures in the lime mortars with 30% GGBS and RHA 
replacements created by hydrates.

The results are consistent with former authors 
reporting that GGBS produced lime pastes of 
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highest strength, followed by high-silica pozzolans 
(RHA) with a 68% reduction (8, 9, 12). The results 
also agree with Pavía et al. (7) who reported that 
rising RHA content increased compressive and 
flexural strength of hydrated lime (CL90s) mortars 
with CL90s:RHA (1:3) mortars being over 37 times 
stronger in compression and nearly 5 times stronger 
in flexion than lime mixes.

3.4. Effect of supplementary cementitious materials 
on the hygric properties of hydrated lime mortars

The GGBS and RHA did not significantly alter 
the hygric properties of the lime mortars (except for 
the 30% GGBS replacement that lowers porosity, 
water absorption and suction by 17%, 22% and 58% 
respectively)- Table 8.

30% GGBS replacement lowered the lime mortar 
porosity by approximately 17% while 20% GGBS 
replacement slightly decreased the porosity by 

Table 8.  Mechanical and hygric properties of the mortars with supplementary cementitious materials at 56 days.  
Fc- compressive strength; Ff-flexural strength; P-open porosity; W-water absorption; S-capillary suction.COVs ranging from 0.2-3%.

Mortar FC (MPa) FF (MPa) P (%) W (%) S (gm/ m2.sec0.5)

100%CL 2.48 0.41 32.36 20.40 321.29

10%GGBS 4.94 0.69 32.38 20.52 290.32

20%GGBS 12.33 1.27 31.96 19.48 243.87

30%GGBS 14.87 1.48 26.83 15.86 134.19

10%RHA 3.53 0.44 31.49 18.98 316.13

20%RHA 6.29 0.57 30.74 18.69 305.80

30%RHA 10.18 0.68 30.32 18.01 276.13

Figure 5.  Microstructure of the lime binder with 30% RHA 
replacement displaying a higher density than the hydrated lime 
binder in figure 3 with pozzolanic hydrates and a lesser amount 

of pores.

Figure 3.  Microstructure of the hydrated lime (CL90s) 
binder. Microcrystals of carbonated lime (CaCO3) sized c. 1 µm 
in clusters forming an open structure including abundant pores 

with a wide size range.

Figure 4.  Microstructure of the lime binder with 30% GGBS 
replacement showing a denser microstructure with hydrates 

filling pores and connecting micro crystals of carbonated lime.
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2% and no reduction was observed at 10% GGBS 
replacement. This agrees with Griffin (24), who 
reported that addition of GGBS to hydrated lime in 
grouts decreased porosity by c.25%.

The results evidenced that lime replacement with 
RHA has little impact on the porosity; this is due 
to the much greater specific surface and consequent 
higher water demand of the RHA increasing the 
amount of pores (it is well known in concrete tech-
nology that some pores are remnants of space once 
filled with water (8, 9). According to Papayianni and 
Stefanidou (25) water/binder ratio is the most impor-
tant factor influencing porosity in lime mortars.

A similar trend was observed for the water 
absorption, as this property strongly relates to the 
open porosity. According to the results, 6 to 12% 
water absorption decrease was observed for the 
RHA mixes and over 22% decrease for the 30% 
GGBS mortar (with the lowest porosity).

The capillary suction results are consistent with 
the above. A 20–30% GGBS replacement lowered 
the capillary suction of the lime mortar (by 24 and 
58% respectively) but the RHA replacement didn’t 
significantly impact suction (the highest RHA 
replacement only lowers suction by 14%).

A decrease in open porosity, capillary suction 
and water absorption was expected as the forma-
tion of hydrates such as CSHI and II results in a 
lime mortar with a greater number of very small gel 
pores (under 550 Å = 0.05 microns-µm) (26) and 
fewer larger pores active to liquid moisture trans-
port. Benavente (27) identifies that liquid water is 
transported by capillary forces in pores greater 
than 0.1 μm with high water absorption rates in the 
size interval between 1 μm and 1 mm. The greater 
decrease in open porosity, capillary suction and 
water absorption by the GGBS which can be attrib-
uted to the presence of a greater amount of hydrates 
(with nanopores out of the range of liquid moisture 
transfer) blocking capillary pores.

4. CONCLUSIONS

Increasing the aggregate content in hydrated lime 
mortars generally lowered strength (in both silica 
sand and limestone sand mortars) due to the pro-
liferation of discontinuities known as interfacial 
transition zones. In contrast, it raised the flexural 
strength of the limestone sand mortars.

Increasing aggregate content also lowered the 
hygric properties suggesting that the CL90s binder 
pores are more active in liquid moisture trans-
port than the aggregate pores and the interfacial 
transition zone pores. Raising aggregate content 
increased bulk density and mortar water demand. 
The raise in water demand was attributed to 
increasing friction in aggregate interfaces lower-
ing workability therefore demanding more water to 
reach a given flow.

Neither increasing aggregate content nor the 
aggregate’s composition seem to affect the high 
water retention of hydrated lime mortars.

The aggregate composition, does not seem to 
influence the 28 day strength and the 90 day strength 
at low (1:1) aggregate contents however, at 90 days 
and higher aggregate contents, the limestone mor-
tars are 22–24% stronger than the silica mortars.The 
coarser limestone aggregate, may have enhanced 
strength, by reaching a higher bond at the interfacial 
transition zone due to the auspicious texture, reac-
tive nature and high suction of the limestone sand 
surfaces.

In contrast, the (1:1) silica sand mortars are 56% 
stronger in flexion than the limestone mortars how-
ever, at 3:1 rates, they are only c.10% stronger.

The greater porosity and water absorption of the 
limestone sand mortars (21–23% and 7–30% supe-
rior respectively than the silica mortars) agree with 
their lower bulk density and higher water demand 
andare attributed to the macropores (ranging from 
10 to100 µm) that dominate the pore system of the 
limestone sand taking a large amount of water.

The greater (4–16%) capillary suction of the 
silica sand mortars was attributed to their higher 
binder content holding a greater number of fine, 
suction-active pores,and to the limestone aggregate 
macroporesbeing less suction efficient.

The supplementary cementitious materials sig-
nificantly increased the strength of the hydrated 
lime mortars however, their impact on the hygric 
properties is much smaller. The GGBS increased 
by up to six times the strength of the hydrated lime 
mortar but the RHA showed significantly lower 
increase. This was expected as GGBS contains a 
small amount of clinkers (< 5%) that hydrate fast 
providing strength.

The decrease in hygric properties caused by the 
RHA and GGBS can be attributed to hydrates lead-
ing to a greater number of small gel pores and fewer 
larger pores active to moisture transport. The RHA 
had little impact on the hygric properties as it pro-
duced less hydrates and has a greater specific sur-
face and consequently a higher water demand that 
increased porosity.

The different nature of  the RHA and GGBS 
affecting the kinetics and the products of  hydra-
tion and pozzolanic reaction is a further reason 
for the variation in the mortar properties mea-
sured: RHA has a greater specific surface than 
GGBS (which controls reactivity in the beginning) 
and it is purely siliceous therefore, pozzolanic 
reaction results in the formation of  CSH. In con-
trast, GGBS is more amorphous than RHA (thus 
more active at later stages of  the reactions) how-
ever it contains clinkers which hydrate quickly; it 
also  contains Al and Ca therefore it would pro-
duce calcium and aluminum silicate hydrates as 
well as CSH.
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