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ABSTRACT  
In this paper, mineralogical, micro-structural and mechanical properties of lime mortars 

containing different percent of natural zeolite with binder to aggregate ratio 1:3 by volume at 
the age of 90 days were presented. Durability of the tested mortars was tested through their 
frost resistance. Although, the increase in the zeolite content led to the increase in 
compressive strength, only mixtures with 40% and 50% of lime replaced, showed higher 
strength than reference mixture. These results were in accordance to the X-ray diffraction and 
mercury intrusion porosimetry findings.  
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INTRODUCTION  
Lime-based mortars are one of the oldest building materials. They have been used for 

bedding and rendering of masonry buildings, together with stone blocks and building 
ceramics. In the last decades lime-based mortars are investigated in the scientific community 
due to the necessity for restoration of historical buildings and monuments, but also due to the 
development of energy efficiency strategies, and general policy for reduction of the 
greenhouse effect [1].  

The most widespread lime-based mortar design is with maximum grain size of 
aggregate reaching usually 4 mm, while binder to aggregate ratio was between 1:4 to 1:3 (by 
volume). Veiga et al. reviewed the boundaries of physical and mechanical properties of lime 
mortars with different binder to aggregate ratio. For mixtures where this ratio was 1:3, 
boundaries for flexural strength were 0,2 and 0,8 MPa, for compressive strength 0.6 and 1.6 
MPa, and for open porosity 27% and 35% [2]. 

Since lime mortars cannot harden in humid conditions, different potential pozzolanic 
additions, such as metakaolin, volcanic tuff, natural zeolites, crushed brick, etc., were applied 
in the past, when these mortars were used in humid environments. The paper presents the 
research regarding mineralogical, micro-structural and mechanical properties of lime-based 
mortars with partial replacement of lime with natural zeolite, found in Serbia. 

EXPERIMENTAL   
Natural zeolitic tuff excavated in Igroš, near Brus (Serbia) was used in this study as a 

partial replacement for lime. Before application, it was ground to a fineness of 10% residue on 
45 μm sieve. The specific surface of the natural zeolite was 2.8 m2/g. The mineralogical 
composition of zeolite was determined by XRD analysis and shown in Table 2 [3].  

 
Table 1. Chemical composition of the natural zeolitic tuff (wt.%) obtained by chemical analysis 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3  CO2 L.O.I.
Natural zeolite 64.16 10.95 2.82 4.25 1.01 0.18 2.05 0.15 - 14.13 
Lime 0.37 0.65 0.35 73.25 1.05 - - 0 1.65 22.67 

 
Pozzolanic reactivity, was determined via a modified Chapelle test. The result is 

expressed in mg of Ca(OH)2 consumed in the reaction with 1 g of pozzolana over 24, 48, 72, 
96 and 120 hours. Test results are presented in Table 2. 

 



Table 2. Pozzolanic activity of natural zeolite obtained 
through a modified Chapelle test 

Time of the test 
(days) 

Consumed Ca(OH)2 

(mg/1 g pozzolana) 
1 680.8 
2 825.2 
3 1073.1 
4 1106.5 
5 1129.0 

 

 
Natural zeolite was used as a partial replacement of lime in lime-based rendering 

mortars for inner rendering layer. In these mortars lime-putty was used as a binder with 
approximately 50% of water. Chemical composition of lime, tested after drying, is shown in 
Table 1. Mixing proportions and composition of the tested mortars are shown in Table 3. 
Natural river sand with grain size between 0 and 4 mm has been used in all tested mixtures. 
Bulk density of the aggregate was 1610 kg/m3 in loose state. 

 
Table 3. Mixing proportions and composition of the mortar mixtures 

Mixture 
Lime 

(kg/m3) 
Zeolite 
(kg/m3) 

Sand 
(kg/m3)

Water 
(kg/m3)

B/A (by 
volume) 

B/A (by 
mass) 

Partial 
replacement 
of lime (%) 

1/3 190 - 1530 342 1:3 1:8.05 - 
1/3-10 171 19 1530 342 1:3 1:8.05 10 
1/3-20 152 38 1530 342 1:3 1:8.05 20 
1/3-30 133 57 1530 342 1:3 1:8.05 30 
1/3-40 114 76 1530 342 1:3 1:8.05 40 
1/3-50 95 95 1530 342 1:3 1:8.05 50 

 
Consistency of the fresh mortar was tested according to EN 1015-2, while the bulk 

density of the fresh mortar was tested according to EN 1015-6. After finalization of these 
tests, mortar was placed in formwork and cured in humid conditions for 5 days. After the 
samples have been removed from the formwork they were cured above water surface, with 
relative humidity of 95% up to the age of 28 days. At this age samples were devided in two 
groups. One group was cured in the same conditions up to the age of 90 days (RH100), while 
the other was placed in laboratory conditions (RH100/50). Reference mixture designated with 
1/3, which was prepared using only lime-putty as a binder was cured in laboratory conditions 
(temperature of 20ºC, relative humidity 50%) until the day of testing.  

Mercury intrusion porosimetry (MIP), compressive strength (according to EN 1015-11) 
and mineralogical composition using X-ray diffraction (XRD) analysis were tested at the 
hardened mortars at age of 90 days. Frost resistance was tested on mixtures designated as 1/3, 
1/3-40 and 1/3-50. The number of cycles, the environmental conditions and duration were 
chosen according to EN 1015-21. MIP was measured using a Micromeritics PoreSizer 9310 
that can generate a maximum pressure of 207 MPa. The mineralogical composition of natural 
zeolite and mortar mixtures was determined on powder samples by PANalytical Empyrean 
XRD (Malvern Panalytical Ltd.) with Cu-Kα as the radiation source (λ = 1.540598 Å for 
Kα1), accelerating voltage 45 kV, beam current 40 mA, diffraction angle 2θ in the range of 5° 
to 80° with a step scan of 0.01°. 

RESULTS AND DISCUSSION   
Properties tested in fresh state are presented in Table 4 (bulk density) and Figure 1 

(consistency using flow-table test). Calculated bulk density for all of the mixtures was 2062 



kg/m3. M
of the b
natural 
zeolite 
diamete
50% of 

 
Ta

Mixt
γ (kg/

Figure 1. 
 

C
is prese
compres
lime rep
this age
compres
replacem
mixture
the hyd
confirm
  

Fi
condition

 
Th

usual fo
were be
addition
develop

a) 

Mixtures co
bulk density
zeolite. The
lower than 

er of the m
natural zeo

able 4. Bulk d
ture 1/3
/m3) 205

Flow-table te

ompressive
ented in Fig
ssive streng
placement r
e. The chan
ssive streng
ment with 
e designated
drated phas

med through 

gure 3. Mercu
ns (RH100/50)

he reference
or mortars p
etween 0.1 
n, the larger
ped. Due to 

ontaining hi
y, which ca
ese differen
20%. Incre

mixtures. Hig
olite as a rep

density of the 
3 1/3-10 
56 2068 

est results  

e strength of
gure 2. The
gth of the te
reached hig
nge in the c
gth, that wa
natural zeo

d as 1/3-50. 
es, after th
results obta

ury intrusion p
), b) samples c

e mixture is
prepared wit

- 0.2 µm a
r pores are r
the transiti

igher percen
an be explai
nces had no
ease in natu
ghest flow 

placement fo

mortars in fre
1/3-20
2066 

f the all mix
e increase o
ested mixtu
gher strengt
curing cond
as more pro
olite. The h
This is exp

he samples 
ained by MI

porosimetry t
cured in humi

s presented 
th lime – pu
and betwee
reduced, wh
ion from hu

ntage of nat
ined by diff
o effect on t
ural zeolite
diameter w

or lime.  

esh state  
1/3-30 1/3
2054 20

Figur

xtures conta
of the natur
ures. Still, o
th than refe
ditions at th
nounced fo

highest redu
plained by th

are placed
IP and XRD

 
test results at t
id conditions (

in Figure 3
utty as a bin
en 20 - 40 
hile small po
umid to labo

b) 

tural zeolite
fferences in 
the bulk de

e addition le
was measur

3-40 1/3-5
040 204

re 2. Compres

aining natur
ral zeolite a
nly mixture

erence mixtu
he age of 2
or the morta
uction in st
he carbonat
d in labora
D analysis p

the age of 90 
(RH100) 

3 by bimoda
nder. The m
µm. With t
ore diamete
oratory curi

e (over 30%
specific de

ensities with
ed to the in
red for the 

50 
40 

sive strength 

ral zeolite at
addition led
es containin
ure, that re
8 days, led

ars with hig
trength was
tion process
atory condi
presented at 

days: a) samp

al pore size 
most pronoun

the increase
ers between 
ing conditio

%) had lowe
ensities of l
h amount of
ncrease in t
mixture co

at the age of 9

t the age of
d to the inc
ng 40% and
eached 1.77
d to the dec
gher percent
s measured
s that takes 
tions. This
Figures 3 a

ples cured in 

distribution
nced pore d
e of natura
0.04 – 0.06

ons at the a

er values 
lime and 
f natural 
the flow 

ontaining 

 
90 days

f 90 days 
crease of 
d 50% of 
 MPa at 

crease of 
t of lime 

d for the 
place on 
 can be 

and 4. 

 
combined 

n, that is 
iameters 

al zeolite 
6 µm are 
ge of 28 



days, th
and 20 
smaller 

Th
of natur
portland
natural 
benefici
not the 
RH100/
alumina
of portla

Fi

C
Th

preparat
natural 
achieve 
higher p
mortars 
pozzola
environ
but the 
designa

REFER

[1] T. S
on t
conf

[2] R.V
and 
157,

[3] M. A
addi
Buil

he amount o
percent of 
pores is vis
he XRD pat
ral zeolite a
dite than ot
zeolite form

ial for carbo
case with t

/50), where
ate-hydrate. 
andite is sm

gure 5. XRD 

ONCLUSI
he influence
tion and tes
zeolite, cur
 positive e
percentage 
 should be

anic reaction
ment is red
 compressi

ated as 1/3-4

RENCES   

Schlegel, A.
the Europea
ference, 201

Veiga, Air li
rehabilitati

, 132–140. 

Aškrabić, M
ition on th
lding Mater

of larger po
lime replac

sible for mo
tterns of the
as lime repl
ther present
ming calciu
onation reac
the samples
e the portla

Due to larg
mall both in 

patterns of the

ION 
e of natural
sting of lim
red in two d
ffect of the
of natural 
 applied on
ns are incl

duced under
ive strength
40 and 1/3-5

 Shtiza, Lim
an market, P
16, 931-936

me mortars
ion interven

M. Vyšvařil
he propertie
rials, 2021, 

ores is incre
cement is v
ortars design
e chosen m
lacement cu
ted mixture
um-alumina
ction, there 
s from the s
andite peaks
ger amount
the samples

e selected mor

l zeolite add
e-based mo

different ma
e pozolanic
zeolite sho

nly in hum
luded in ca
r 65%. Non
h after the
50 than for t

me carbonat
Proceeding

6 G 

s: What else
ntions? A r

l, D. Zakić,
es of lime 
270, 12136

eased, and p
ery similar 
nated as 1/3
ortar mixtur
ured in hum
s. In this m
ate-hydrate,
is a higher 

same mixtu
s are reduc
t of natural 
s cured in h

rtar mixtures 

dition to lim
ortars with d
anners. Acc
c reaction o
ould be use

mid environm
arbonation 
e of the test

e finalizatio
the referenc

tion, enviro
gs of the 16

e do we nee
review, Con

, A. Savić, 
putty-base

63. ISSN: 09

pore size di
to the refe
-40 and 1/3
res show th

mid conditio
mixture part
 but since 
amount of n

ure, cured in
ced, as wel
zeolite in th

humid and c

at the age of 9

me-based mo
different pe
cording to th
on the prop
ed (40% or
mental con
reaction, if
ted mortars

on of the t
ce mixture. 

nmental foo
6th internatio

ed to know 
nstruction a

B. Stevano
ed renderin
950-0618  

istribution o
erence mort
3-50, but it i
hat the mixtu
ons contain
t of the por
the curing 

non-reacted
n combined
ll as peak r
he mixture 
ombined co

 

90 days 

ortars was in
rcentage of
he obtained
perties of l
r 50% of re
nditions, sin
f the relativ
s showed go
test was h
 

otprint of se
onal brick 

to apply th
and Buildin

ović, Effect
ng mortars.

of mixtures 
ar.The redu
is less emph
ure contain

ns higher am
rtlandite rea

conditions
d portlandite
d conditions
related to c
1/3-50, the

onditions. 

nvestigated 
f lime replac
d results, in 
ime-based 
eplacement)

nce the pro
ve humidity
ood frost re
higher for m

even mortar
and block m

hem in cons
ng Material

ts of natura
 Construct

with 10 
uction of 
hasized. 
ing 20% 

mount of 
acts with 
 are not 

e. This is 
s (1/3-20 
calcium-

e amount 

d through 
ced with 
order to 
mortars, 
). These 
ducts of 
y of the 
sistance, 
mixtures 

rs placed 
masonry 

servation 
ls, 2017, 

al zeolite 
tion and 


