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Article history: Lime mortar, an age-long building material is primarily popular for its flexibility, the basis
Received: 02 April, 2020 of its ability to accommodate masonry deformation, hence durability. However, lime’s
Accepted: 03 December, 2020 characteristic delayed setting/hardening time, low mechanical strength and poor internal
Online: 21 December, 2020 cohesion often characterised by volumetric changes have put its use into decline. These
shortcomings have therefore relegated relevance of this fundamental flexibility feature
which underscores limes’ excellent performance and durability characteristics. The
research therefore attempted to leverage this feature through evaluation of synergised lime
composites, using cement as a partial replacement for lime. This is with a view to integrating
advantageous features of ‘lime and cement’ as a composite, at the expense of their known
individual drawbacks. The methodology involved mortars with the same Binder/Aggregate
(B/A) mix ratio (1:3) using five different compositions of ‘cement-lime’ binders (i.e. 1:1, 1.2,
1:3, 2:1 and 3:1). The research focused on comparative evaluations of each composition in
both fresh and hardened states, with the latter covering twelve-month curing period. While
Water/Binder ratio constituted the fresh state assessment parameters, mechanical
characteristics and microstructural features were evaluated in the hardened state. Results
of the investigation show that progressive addition of cement significantly changes pore size
distribution (PSD) of lime mortar from predominant pore sizes between (0.5 — 5 um) and (5
— 20 um) into (10 nm — 2 um) range. This alteration is associated with porosity reduction by
up to 11%. Significant improvements in the mechanical strengths of the composite is
recorded as both the compressive and flexural strengths of the composite with 75% of cement
is 18 and 6 times higher respectively, compared with the reference mortar. However,
progressive addition of cement is proportional to the E-value of the composite (with a clear
linear relationship), leaving a negative impact on the flexibility. Nonetheless, all the
composites investigated exhibit elastic behaviours relative to the basic lime mortar. In
particular, composite with cement addition up to 33% of the binder compositions exhibits
deformation tendencies under compression. However, mortars with higher cement
compositions (i.e. above 33%) would strain linearly until failure occurs suddenly with
minimal deformation. Substitution of lime with cement therefore has a significant impact on
the microstructural compositions of lime mortar, and subsequent improvement on the
performance of the composite. Despite the improved mechanical strengths, inherent
flexibility of lime is maintained though negatively impacted, subject to the amount of lime
substituted. Hence, relative to specific purposes, lime revival can be promoted in form of
sustainable lime-cement composites.
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1. Introduction masonry deformation. It has the flexibility to cushion masonry
joints to absorb strains, prevent cracking and result in medium to
high flexural bond strengths [2]. By virtue of its reasonably high
flexibility, lime mortar exhibits low elastic modulus, thereby
displaying capability to deform more on load application relative

Lime mortar, an age-long building material [1], is primarily
popular for its flexibility, the basis of its ability to accommodate
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to Portland cement [3]. The modulus of rupture and the bond
strength of an appropriate, well cured mature lime mortar are such
that movement joints are not normally required in new (traditional)
construction and any movement experienced (i.e. structural,
seasonal and thermal) is taken up by minute adjustment over many
joints due to their ‘plastic’ and ‘self-healing’ properties [4]-[6]. In
addition, lime mortar possesses excellent permeability feature via
its relatively large interconnected pore structures. These pore
structures allow ice crystal growth in frost periods, thereby
accommodating the crystals within the pore structures without
causing deterioration of the matrix [7]-[9]. This feature enhances
durability of lime mortars in a building fabric against
environmental conditions. Lime mortar also exhibits phenomenal
‘breathability’ through which moisture and vapour transfer from
the external environment are freely dissipated via its permeable
material, in view of its capillary porosity. This enhances the
performance of the materials and structure holistically [2, 7, 10,
11]. Lime mortars also have superior water retention as values
from 94.2 to 99.5% have been consistently measured against those
of 60-80% of Portland cement equivalents [2]. This property
enhances workability which improves contact between mortar and
substrate, thereby increasing bond.

With growing emphasis on the need for reduced energy
consumption and minimised atmospheric CO2 concentration [12],
continued use of lime mortar in building has significant
environmental benefits: manufacture of limes consumes less
energy and produces less greenhouse gases (compared with
Portland cement); its exposure to the atmosphere as lime based
mortars absorb most or all of the carbon dioxide that was driven
off during its calcination, a phenomenon called re-carbonation;
masonry laid using lime based mortar has lower bond strength
(than cement) that the units can be prised off easily thereafter,
thereby facilitating recycling of the materials, and; building
structures finished with lime mortars are usually characterised with
low thermal conductivity as this affects the interior surface
temperatures of buildings, and may therefore perform better as an
insulating material 8, 11, 13].

Despite the properties as stated above, lime mortar is connected
with exaggeratedly long setting and hardening periods, low
internal cohesion, volumetric changes (i.e. shrinkage, particularly,
aerial lime), relatively low mechanical strengths and a high water
absorption capacity through capillarity. These have substantially
impacted negatively on project delivery periods and significantly
resulted in its relegation and relative disuse [9], [14]-[17]. To
leverage some of the remarkable features particularly, flexibility,
this situation therefore leads to the study of blended binding
materials, in form of lime-cement composites.

Cement is a hydraulic material in nature because of its ability
to set and harden under water by virtue of a chemical reaction with
it [18, 19]. It is characterised with high compressive strength and
exhibits higher thermal expansion coefficient than most masonry.
It hinders accommodation of movements resulting from creep or
thermal effects, and exhibits negligible plastic deformation under
load. Thus, it fails by brittle fracture [4], [20]-[26]. Effect of
cement on porosity and pore size distribution of lime mortars is
crucial since changes in microstructural features of lime can
substantially modify its overall performances. In conservation
works especially, cement is considered chemically incompatible
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with lime based mortars as it has low permeability, responsible for
introduction of soluble salts and characterised with a high modulus
of elasticity that is unfit for accommodation of masonry
deformations [27]-[32]. It is also established that Portland cement
reacts with carbonic acid to form alkali carbonate or bicarbonate
salts which are undesirable. However if Portland cement is used in
a small amount, this will remain a minor problem as previous
works show that an increase in cement content does not
proportionally increase the amount of soluble salts [30, 33].

The evolving lime-cement composite would therefore share in
the advantages of lime and cement mortars, avoiding or reducing
their individual disadvantages [34]. These blended materials will
be characterized by faster setting than lime and better flexibility
than cement mortars, which generally improves their application
[34]-[40]. The underlying purpose of this effort is driven by the
need to improve lime mortar performances and reduce carbon
dioxide emissions related to the production of cement [41]. It
would also facilitate protection of the environment and
conservation of energy resources along with the advent of a sizable
market, for renewed interest in the use of lime as a building
material [14, 42, 43].

2. Experimental Procedure
2.1. Materials and mortar Preparation

Materials used for the present research have been products
commercially available in the market. Natural Hydraulic Lime of
the class NHL-5.0 (St Astiers, UK), characterised with the lime’s
highest compressive strength, based on the 28-day test [44] was
adopted for this research. This lime type (NHL-5) was chosen
based on its relatively short setting time for optimal strength yield,
its availability, ease of handling, as well as the need to maximise
lime performance behaviour [14, 45]. Table 1 shows Lime’s
average Particle Size Distribution obtained through laser
diffraction method, using Laser Difractometry Xmastersize. This
method is based on measurement of the laser beam scattered by the
particle analysed. The distribution indicates particles with main
equivalent diameter of 33.99 um (by volume) and 10.19 pm (by
Surface Area). 90% of these particles have sizes below 91.88 pm
(by volume). Lime’s chemical compositions (by elements)
determined by Energy Dispersive Spectrometry are given in Table
2. Cement (CEM I 52.5) for this investigation was obtained from
‘Hanson Cement’, United Kingdom. Its average Particle Size
Distribution shown in Table 1 indicates particles with main
equivalent diameter of 21.08um (by volume) and 10.64pm (by
Surface Area). 90% of these particles have sizes below 41.55um
(by volume). Cement’s chemical compositions (by elements) are
given in Table 2. Siliceous fine kiln dried sand, obtained from Fife
Silica Sands (a division of Patersons of Greenoackhill Ltd, United
Kingdom) constituted the aggregates. The aggregate was passed
through a sieve analysis in accordance with the requirements of
[46], and the particle size distributions in compliance with ASTM
C 136 [47] are shown in Figure 1. The sand had Particle Size
Distribution of 0-2 mm (i.e. 0.05 mm < @ < 2 mm) which is
considered suitable, in accordance with ASTM C 33 [48].

Following the required standard (BSI, 2000) [49], the mortars
were prepared as the binder-aggregate (B/A) ratio was maintained
at 1:3 by volume. This was chosen from the commonest dosage
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Table 1: Particle Size Diameters of the tested materials

D[3,2]
D[4,3] (main
Parameters d(v,0.5) d(v,0.1) Mode d(v,0.9) (main equivalent
equivalent | diameter
diameter by Surface
by volume) | Area)
Specified Lime 10.78 5.28 6.50 91.88 33.99 10.19
Particle
Diameter Cement 20.14 5.40 31.78 41.55 21.08 10.64
(nm)
Table 2: Chemical Composition of the materials
Elemental Chemical Composition of the materials (by % weight of the dry specimen)
Material Ca 0] Si C Sb Al Fe Mg S K Na Ti
Lime 47.6 37.6 52 4.4 3.3 0.7 0.5 0.5 0.2 - - -
Cement 75.6 9.2 4.7 - 5.7 1.1 0.3 0.4 1.8 1.2 0.1 -
Sand 0.2 53.5 43.0 - - 1.6 0.4 - - 1.1 0.2
Sand Particles Distribution Curve the wall and bottom of the mixer bowl was scraped off. Mixing
100.00 then resumed to obtain consistent mixture. The entire mixing
133 s period lasted about Sminutes. For every mortar mix, minimum of
* o — three prismatic specimens of 40x40x160 mm were prepared, the
E 70 =2 average value of which represented the ‘actual value’ for
® 60 7 consideration during the specimen evaluations afterwards (i.e. for
- ig ] microstructural  analysis, and mechanical characteristics
EE evaluations: Flexural and Compressive tests; Moduli of Elasticity
E m determination). The specimens were compacted with a vibration
© 10 gapos table after mould filling in prismatic casts (BSI, 2010b) [53],
Oﬂ'm 020 040 080 080 100 190 140 removed from the moulds 2 days later and left to cure at the
Sieve Aperture Size (mm) laboratory ambient conditions of 21+4°C (temperature) and
40+5% (relative humidity), until the test dates of 1, 3, 6, 9 and 12

Figure 1: Grain size distribution of the aggregate

reported in the literature [15, 23, 33, 50]. To avoid measurement
imprecision during batching processes, volume proportions of
components were converted to weights [2]. Mortar mixtures were
prepared using the correct amount of water required to obtain
adopted workability of 14545 mm (measured by the flow table test
— BS EN 1015-3 (BSI, 2000) [49] as BS EN 1015-6 (BSI, 1999)
[51] specifies a flow value of ‘140-200 mm’ for ‘plastic mortar’.
Arising from visual and physical assessments of the mixes during
the trial experimentation however, a flow value of 140 — 150mm
(i.e. 145+5mm) was adopted. As observed, either higher or lower
value tends towards stiffness or fluidity respectively. This was
determined in accordance with (BSI, 2005) [52].

Using the stated B/A ratio (i.e. 1:3), each mortar formulation
was prepared with progressively increasing/decreasing cement
contents as indicated in Table 3. Mixing was done in the laboratory
mixer of 30 litres maximum capacity. The mixing procedure was
performed in a number of stages: Aggregates were placed first,
followed by other dry materials (i.e. lime and cement, pre-mixed
earlier, where applicable) and these were blended consistently for
60 seconds as best practice dictates that the NHL powder should
be thoroughly mixed through the dry sand, ensuring batch colour
consistency prior to gradually adding water. Water was added
slowly during 30 seconds and mixing continued for another 30
seconds. Mixing was stopped for 90 seconds as mortar adhering to
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months.

2.2. Analytical methodology

This involved microstructural characteristics evaluation,
mechanical properties assessment and some other relevant
preliminary material testing. Microstructural characteristics of the
mortar samples were evaluated in terms of the total porosity (in
%), median pore diameter (by volume in nm), bulk density and
pore size distribution, using Mercury Intrusion Porosimetry (MIP)
technique. This was achieved with AutoPore IV 9500 by
Micrometrics (with pressure range up to 60000 psi). The test was
carried out with samples of approximately 1.5g that were extracted
from the core of the crushed prisms. Under short term loading and
at a relatively low rate of load application (approximately
2mm/min), the chance of micro crack propagation is minimum [33,
54]. These samples were obtained at the test ages of one and six
months, and dried in an oven at temperature of 75 = 1 °C for 24
hours before the test, to ensure that the sample is devoid of
moisture contents (which may otherwise affect its microstructural
properties, thereby affecting the results). The mechanical
properties were evaluated with regard to the three-point flexural
tests, and compressive strength. While the flexural strength tests
were performed on the ELE AutoTest 2000 apparatus with a load
application pace of 50 N/s, compressive strength tests were
conducted on the two fragments of each specimen (resulting from
the preceding flexural test) using INSTRON 3367 with 30kN load
capacity, moving at a loading rate of 2mm/min.
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Table 3. Lime-Cement Mortars’ Compositions by materials

Cement Contents 0% 25% 33% 50% 66% 75%
Mortar Reference 1.D. L13 LC31 LC21 LC11 LC12 LC13
Volumetric Ratio
(L-C-Sd) 1-0-3 3-1-12 2-1-9 1-1-6 1-2-9 1-3-12
Lime (L): Volume 1 3 2 1 1 1
(Volume in ‘ml’/ (1700/ (770/ (665/ (850/ (510/ (260/
mass in ‘g’) 1172) 528) 458) 586) 352) 176)
Cement (C): Volume 0 1 1 1 2 3
(Volume in ‘ml’/ ) (415/ (540/ (830/ (995/ (1250/
mass in ‘g”) 442) 574) 883) 1060) 1325)
Sand (Sd): Volume 3 12 9 6 9 12
(Volume in ‘ml’/ 4350/ 4350/ 4240/ 4350/ (3920/ 4350/
mass in ‘g’) 6444) 6444) 6283) 6444) 5800) 6444)

The results reported in this work were all taken as an average
value of six similar specimen fragments. Additionally, INSTRON
3367 plots stress/strain graph on the screen, with the value for
Modulus of Elasticity generated automatically. Other Preliminary
Material Testing carried out included: application of Scanning
Electron Microscopy/Energy Dispersive X-ray Spectrometry
using ‘Carl Zeiss EVO 50’ Scanning Electron Microscope to
examine and analyse the microstructure, morphology and chemical
composition characterizations of the experimental materials (Lime
and cement); Laser Difractometry Xmastersize with air dispersion
was adopted for determination of the Pore Size Distribution of the
tested materials (Lime and cement), and; Consistency of fresh

mortars was examined using the flow table test in accordance with
(BSI, 2000) [49].

3. Results and Discussion
3.1. Water/Binder Ratio

Table 4 shows the results of the W/B ratios obtained for lime,
and lime-cement mortars batched using varying binders’ contents.
Water/Binder (W/B) ratio was adjusted appropriately to ensure the
same mortar flow of 145+5 mm for all the mixes. For the reference
mortar (lime mortar, L.13), W/B ratio was recorded at 1.53.

With progressive addition of cement content, a clear reduction
of water demand was recorded, although non-linear. Thus, lime
mortar exhibits its ability to retain water in the mix as it imparts
plasticity and enhances workability [2, 4]. Besides, this reduction
in water demand could be attributed to quicker formation of more
hydration products of Calcium Silicate Hydrates (C—S—H) and
resulting densification of the mortar matrix. It can therefore be
inferred that increase in the percentage of lime with respect to
cement mass requires a higher percentage of water in order to
obtain a paste with the same consistency. This is because lime has
smaller particle size with a higher specific surface. This leads to
the mortar’s finer pore system which results in higher suction and
stronger water-retaining characteristics [55, 56].
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Table 4: Lime-Cement Mortars’ Compositions by materials and Water/Binder

ratios.
Cement Mortar Water Water/
Contents Reference Content Binder
L.D. (2) Ratio
0% L13 1790 1.53
25% LC31 1880 1.94
33% LC21 1775 1.72
50% LC11 1800 1.23
66% LC12 1680 1.19
75% LC13 1710 1.14

3.2. Microstructural features

Microstructural characteristics such as porosity and Pore Size
Distribution (PSD) were evaluated for different mortars. Figures 2
(a) and (b), and Table 5 show the PSD curves and other
microstructural data obtained by Mercury Intrusion Porosimetry
(MIP) for the six different composites at 1 and 6 months of curing.
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Figure 2: Pore size distribution for cured lime mortars with increasing cement
contents: (a) At 1-month curing; (b) At 6-month curing

For lime only, at 1-month curing, the graph indicates a bimodal
PSD with predominant sizes between (0.5-5 pm) and (5-20 um)
(Figure 2(a)). In this case, the mortar exhibits both gel pores (i.e. 1
nm — 3 um) and substantial proportion of capillary pores (i.e. 3-30
pm). These large pores result from loss of excess unbound
kneading water due to strong water-retaining characteristic of lime,
and slow carbonation process [57]. The pores can also be related
to fine cracks induced by associated drying shrinkage which can
even expand and widen.

After 6 months, in spite of the continuous hydration and
carbonation processes, the median pore diameter increased (from
2.16 t0 3.96 um) (Table 5) indicating more presence of larger pore
sizes (i.e. between 0.5 pm and 40 um) with the shift of the PSD
curves to the left (Figure 2 (b)). However, a reduction is observed
in the total pore volume (i.e. from 27.77 to 23.42%), which
indicates filling of some of the capillary voids due to deposition of
the hydration and carbonation products. The bulk density was also
reduced (from 1.75 to 1.72 g/ml) due to evaporation of excess
kneading water and subsequent drying shrinkage.

However, progressive addition of cement to the mortar resulted
in unimodal PSD with lower median pore diameters and formation
of finer pores at 6 months (Table 5). The graphs are shifted towards
the right (relative to lime mortars), an indication of the dominance
of smaller pore sizes.

The observed decrease in the median pore diameters is a
consequence of lower W/B ratios used to achieve similar
consistency. Also, it can be related to subsequent filling of larger
pores by the hydration products particularly, C—S—H gel [58, 59,
60]. This can explain why the addition of cement led to
predominance of smaller pore sizes in lime mortar. Usually,
kneading water decreases with increasing cement content in the
paste (as demonstrated in Section 3.2). This led to the densification
of the mortar matrixes and consequent reduced porosities (21.45%
for LC31) at 6 months (Table 5).

3.3. Mechanical Properties

The results of the mortars’ mechanical assessments (flexural
strength, compressive strength and modulus of elasticity) for a 12-
month curing period are summarised in Appendix I. Each result
was taken as an average value of three similar specimens for
flexural strength and five similar specimens for both compressive
strength and modulus of elasticity. The coefficients of variation
(COV) fall substantially within the lower range (0 — 17%). This
suggests consistent results. However, there were also few cases of
higher COV, which indicate some degree of scatter in those cases.
Appropriate error bars are also displayed on the respective graphs.

For lime only, Figure 3 and (Appendix I) show a flexural
strength value of 0.70 MPa in the first month of curing which
decreased to 0.61 MPa at the end of 12 months. This may be due
to formation of different pore sizes resulting from loss of excess
unbound kneading water as revealed in the microstructural
analyses above.

Table 5: Extracted Mercury Intrusion Porosimetry data for composite mortars containing increasing cement contents

. Median Pore .
Specimen Curing Diameter Bulk Dens.lty Porosity
Reference . at 0.52psia A
Period (Volume) [%o]
L.D. [nm] [g/mL]
L13 1 Month 2163.6 1.75 27.77
(0%)
6 Months 3955.0 1.72 23.42
LC31 1 Month 4276.0 1.78 29.17
25%
(25%) 6 Months 6616.9 1.80 30.03
LC21 1 Month 3036.1 1.78 27.54
(33%)
6 Months 2579.4 1.84 23.43
LCI1 1 Month 1487.3 1.83 24.35
(50%) | 6 Months 1909.7 1.87 25.67
LCI2 1 Month 989.4 1.86 25.51
(66%) | 6 Months 1340.8 1.92 2081
LC13 1 Month 1372.1 1.86 24.64
(75%)
6 Months 1033.7 1.90 21.45
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As anticipated, progressive addition of cement to the mortar
increased the flexural strength throughout the curing period,
though not in a linear trend. Cement with faster hydration, quicker
formation of C-S-H, reduced pore sizes and volume, attained
higher flexural strength at a relatively shorter time. Notably, LC12
recorded the highest values of 4.12 MPa and 4.23 MPa at 1 month
and 12 months respectively.
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LC11(50%)  LC12(66%)  LC13(75%)

Figure 3: Flexural Strength developments for lime mortars with increasing
cement contents

The compressive strength developments followed a similar
trend to that of flexural strength. A marginal increase in the
strength from 0.61 MPa at 1 month curing to 0.66 MPa at 12
months in the mix containing lime only was observed (Figure 4
and Appendix I).

Expectedly, these values significantly increased with
progressive addition of cement. At 1 and 12 months of curing,
highest values of 9.17 MPa and 12.34 MPa were recorded for the
mix with triple cement content (LC13). This represents a
significant increase (in each case) above the mix with no cement
content (L13), over the same curing period.
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Mortar Composition

Figure 4: Compressive Strength developments for lime mortars with increasing
cement contents

Despite increases recorded in both flexural and compressive
strengths with increasing cement contents across the mixes, no
significant increase was observed within each mix over the curing
period. Being a hydraulic lime, the initial strength recorded may
be related to the products of hydration reactions (i.e. formation of
calcium silicate hydrates (C—S—H) and calcium aluminate hydrates
(C—A—-H)). Subsequently the remaining bulk calcium hydroxide
would be expected to react with atmospheric carbon dioxide
through carbonation over time, for further strength developments.
However, rate of carbonation is found to be strongly dependent on
relative humidity [61]-[63]. The laboratory curing condition of
45% relative humidity is considered possibly low and could have
impacted negatively on the carbonation process thereby leading to
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the insignificant strength gains over time. Nonetheless, observed
impact of the low humidity on the results may be applicable and
relevant in some geographical regions, where the humidity is not
always very high (e.g. tropical regions like Nigeria, among others).

The compressive strength recorded in each case is related to the
mortars’ practical performance. This is as reflected in their moduli
of elasticity (E) values as shown in Appendix I and Figures 5 to 7.

milM E3M &M EIM W12M

w

=

Muodulus of
- B 88

L13 [o38) LE31 [25%) LE21 [3358)

LC11 [50%)
Mortar Composition

LE12 [565) LE13 [755)

Figure 5: Moduli of elasticity (E) values for lime mortars with increasing cement
contents

From Figure 5, L13 with the least compressive strength
correspondingly recorded lowest ‘E’ value over the 12-month
curing period. Also, LC13 with the highest compressive strength
correspondingly recorded the highest ‘E’ value over the same
curing period. Both LI3 and LC13 have the tendencies to display
contrasting elastic behaviours (high and low) respectively. This is
supported with the mortars’ Compressive/Flexural strength ratios
(f/f) and Moduli of Elasticity relationships with increasing
cement contents as illustrated in Figure 6. It is well established
that low compressive to flexural strength ratio (f./fy) of similar
materials is proportional to the Modulus of Elasticity (E-value)
which is inversely proportional to its elastic behavior [64, 65].
Figure 6 presents the relationships between (f./f;) and the E-values
with cement contents for studied lime mortars. The dotted arrow
on the graph indicates the general tendency of the E-values with
respect to the increase in cement contents.

From Figure 6, it can be observed that both (f./f) and the E-
values are proportional to cement content. However, these
relationships are not linear over the 12-month curing period.
Figures 7 (a) and (b) show further analyses to determine any
potential pattern of relationships between the parameters

nim CEN &M M 12M 1M #3M ®EM -3M 12M
25 500
30 —F [ 200

==
d'-.i

o
- - -
-g 20 o ; . B . =
S5 " 1%
10 | - 300 &
r - 200
00 - T T T T o

112 [05¢) LC21 (25%) LC21 (23%) LC11 (50%) LC12 [66%) LC13 (75%)
Mortar Composition

Figure 6: Compressive/Flexural strength ratios (fc/ff) and Moduli of Elasticity
versus lime and cement mortars over 12-month curing (general relationships)

As can be observed from Figures 7 (a) and (b), good
relationships could be established between (f./f) and cement
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contents (with correlation coefficients above 0.80 obtained in
each case). The relationship is described by the quadratic equation
(R*=0.89):

folfy=-4.14¢> + 5.46¢ + 1.09 )
1M A 3M I em M 12M
B oM X 3M &M e 12M
Lingar [AM) ~ ===e= Linear [12M) Linear [1M] Linear (12M)

! °
T T T T T T T
0% 10% 20% 30% 405 505 605 To 305

‘Cement content in Lime-Cement composite (%)

fe/fi: Linear equation for the relationship at:
I-month (f./f;=2.04c + 1.02); R* = 0.8715;
fo/fy
E-value: Linear equation for the relationship at:
I-month (Tc =712.91E + 187);
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Figure 7: Compressive/Flexural strength ratios (f/f;) and Moduli of Elasticity
versus cement content for lime and cement mortars: (a) Through linear
relationships; (b) Relationships using polynomial curves

However, a strong relationship could be established between
the E-value and cement content. This relationship is described by
the quadratic equation with a high correlation coefficient (R? =
0.99):

E =-964.31¢? + 1549.1¢ + 99.155 2)
where E is E-value, and c is cement content in %.
4. Further Results Synthesis: Changing Microstructural

Compositions vis-a-vis Lime Composites’ Flexibility

The changing microstructural characteristic features of the
lime-based mortars are related to the mortar’s modulus of
elasticity (E-value).

Figure 8 (a) presents the effect of cement content, on both
porosity and E-value. While porosity is inversely proportional to
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cement content, E-value is directly proportional. The dotted
arrows on the graph indicate the increasing pattern of the E-values
for 1 and 6 months curing.
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E-value: Quadratic equation for the relationship at:
1-month (E =-462.6¢° + 1068.5¢ + 148.861); R* = 0.9674;
6-months (E =-626.12¢% + 1199.6¢ + 210.65); R>=0.9868;
(Note:p is porosity,c is cement content in %)

(b)

Figure 8: Relationships between increase in cement content, porosity and E-
value of Lime mortar at 1 and 6-month curing: (a): General relationships;
(b): Relationships using polynomial curves

An attempt was made to approximate these experimental
results by establishing mathematical relationships between
cement content and porosity as well as E-values, using quadratic
equations (Figure 8 (b)). Considering composite performance at 6
months, a clear relationship can be established between cement
content (c) and E-value (E) as expressed in the following equation:

E =-626.12¢* + 1199.6¢ + 210.65 3)

The coefficient of correlation in this case is very high (0.99),
indicating a very strong relationship

Lime mortar is primarily popular for its flexibility, the basis
of its ability to accommodate masonry deformation. With the
presence of lime (in varying compositions), both LI3 and LC13
(with the least lime content) have the tendencies to display
contrasting elastic behaviours (high and low) respectively, as
demonstrated in their stress-strain relationships at 1, 6, 9 and 12
months of curing respectively (Figures 9 (a) to (d)), with varying
capacities to absorp deformation. The trend is also applicable to
other mixes.
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Figure 9: Compressive Strength versus Strain relationships for lime and lime-
cement mortars at different curing ages: (a): At 1-month curing; (b): At 6-month
curing; (c): At 9-month curing; (d): At 12-month curing

The smaller the slope of the curve, the better the elastic
behaviour. All mortars exhibit comparably varying slopes relative
to lime mortar’s (L13). Compressive stress varies proportionally
with increasing cement content as shown on the individual
behavioural patterns for lime-cement composites (Figures 9 (a) to
(d)). For example, the specimen with the highest cement content
(75% cement content i.e. LC13) sustained about 8 MPa and 12
MPa maximum compressive stresses after 1 and 12 months
respectively. This differs significantly from the maximum
compressive stresses of 2 MPa and 3 MPa sustained by the
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composite with the least cement content (25% cement content i.e.
LC31). However, increasing cement content is associated with
higher slope of the curve, having attendant negative consequences
on the strain, and the ability of the sample to sustain deformation.
This results in decreasing flexibility.

Thus, LC13 curve with the highest gradient is characterised
with the least flexibility, and thus, the least capability to sustain
deformation before failure. Nevertheless, cement content at about
33% of the binders produces composite with comparable
flexibility relative to lime mortar. This is evident in LC31 and
LC21. In general, cement addition up to 33% of the binder
compositions would enable the mortars under compression to
exhibit some deformation tendencies. The smaller the slope of the
curve, the better the elastic behaviour. All mortars exhibit
comparably varying slopes relative to lime mortar’s (L13).
Compressive stress varies proportionally with increasing cement
content as shown on the individual behavioural patterns for lime-
cement composites (Figures 9 (a) to (d)). For example, the
specimen with the highest cement content (75% cement content
i.e. LC13) sustained about 8 MPa and 12 MPa maximum
compressive stresses after 1 and 12 months respectively. This
differs significantly from the maximum compressive stresses of 2
MPa and 3 MPa sustained by the composite with the least cement
content (25% cement content i.e. LC31). However, increasing
cement content is associated with higher slope of the curve,
having attendant negative consequences on the strain, and the
ability of the sample to sustain deformation. This results in
decreasing flexibility. Thus LC13 curve with the highest gradient
is characterised with the least flexibility, and thus, the least
capability to sustain deformation before failure. Nevertheless,
cement content at about 33% of the binders produces composite
with comparable flexibility relative to lime mortar. This is evident
in LC31 and LC21. In general, cement addition up to 33% of the
binder compositions would enable the mortars under compression
to exhibit some deformation tendencies. However, mortars with
higher cement compositions (i.e. above 33%) would strain
linearly until failure occurs, and failure appears suddenly with
minimal deformation.

5. Conclusion

This study has presented empirical data to reveal synergies
obtainable by taking the advantage of respective useful features
of each of lime and cement, combined as mortar constituents. The
study sought to evolve low carbon composite construction
materials in forms of ‘lime-cement’ mortars with cement serving
as a partial replacement for lime in each case. Through this
process, potential benefits derivable from blending lime and
cement are revealed, particularly, maximizing ‘flexibility’ feature
of lime mortar. This is a primary lime property essentially
responsible for its age-long durability. However, due to other
prominent drawbacks associated with lime, its overall usage has
gone to decline. Thus, it is clear from this study that the patterns
exhibited by all the composites investigated suggest that they are
relatively characterized by elastic behaviours comparable to the
basic lime-based mortar. In particular, cement addition up to 33%
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of the binder compositions would enable the mortars under
compression exhibit some deformation tendencies. However,
mortars with higher cement compositions (i.e. above 33%) would
strain linearly until failure occurs suddenly, with minimal
deformation. This study therefore is an attempt to revive
sustainable lime mortar as a direct response to the climate change
challenge in view of the material’s sustainability characteristics.
Conclusively, this effort would facilitate protection of the
environment and conservation of energy resources along with the
advent of a sizable market, for renewed interest in the use of lime
as a building material.
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Appendix I. Lime and Lime-Cement Mortars’ Mechanical Strength Results over 12 month curing periods

Mortar Volumetric Mechanical Curing Period (month(s))
Reference Ratio Parameters

LD. (L-C-Sd) (MPa) 1 3 6 ? 12

Flexural 0.70 0.54 0.63 0.63 0.61

(COV(%)) (0) “4) 0) (6) 0

L13 1-0-3 Compressive 0.63 0.59 0.68 0.68 0.66

(0%) (COV(%)) (0) () as) “4) (0)
Modulus of Elasticity | 181.47 | 136.73 175.46 | 107.71 93.08

(COV(%)) (%) 16) (39) an (28)

Flexural 1.13 1.27 1.13 1.06 1.16

(COV(%)) (0) 10 (©)] a4 d3)

LC31 3-1-12 Compressive 1.88 1.65 2.86 2.26 2.57

(25%) (COV(%)) (%) (25) a4) a4) (%)
Modulus of Elasticity | 382.75 | 382.53 | 487.68 | 443.32 | 416.10

(COV(%)) (0) as) (6) (6) (14)

Flexural 1.52 1.27 1.52 1.60 1.29

(COV(%)) (%) ads) (5) 3) “)

LC21 7-1-9 Compressive 2.64 2.33 2.53 3.76 3.10

(33%) (COV(%)) &) (16) a2) (6) (14)
Modulus of Elasticity | 405.02 | 481.46 | 524.15 | 528.21 | 476.86

(COV(%)) ©) 9 a2) 3) (6)

Flexural 2.57 2.92 291 2.71 2.84

(COV(%)) (24) 3) 4 (5) a2)

LC11 1-1-6 Compressive 5.83 5.27 8.21 6.36 8.58

(50%) (COV(%)) (6) at a7 4 “)
Modulus of Elasticity | 631.89 | 604.78 | 671.51 627.62 | 683.58

(COV(%)) 2) (6) () 2) @)

Flexural 4.12 3.71 4.14 3.83 4.23

(COV(%)) (&) a3) ®) 3) 2)
LC12 1-2-9 Compressive 8.24 9.45 10.45 11.34 10.52

(66%) (COV(%)) “) (@) “4) ®) ()
Modulus of Elasticity | 633.61 | 701.02 | 691.50 | 719.96 | 681.81

(COV(%)) () (@) 3) 2) 2)

Flexural 3.47 3.56 4.40 3.74 4.01

(COV(%)) () as) 0) an @)
LC13 1-3-12 Compressive 9.17 9.19 12.85 9.38 12.34

(75%) (COV(%)) (&) “4) an (6) ()
Modulus of Elasticity | 685.49 | 698.41 | 780.83 | 683.30 | 717.74

(COV(%)) 2) 3) 2 3) 3)
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