Chapter 1 ®)
Analysis of the Natural Hydraulic Lime oo
Mortar’s Properties Under Accelerated
Tropical Climate Conditions

Nadia Razali, Alan M. Forster, Nurriswin Jumadi, and Nadlene Razali

1.1 Introduction

The worldwide physical and literature evidence of lime mortar since the ancient
civilization clearly states the favourable character of its setting properties and strength
(Hughes and Valek 2003; Holmes and Wingate 2002). Current literature demonstrates
the scientific advantages of lime over modern cement, which proves lime is greener
than ordinary Portland cement (OPC). Lime requires a lower firing temperature
during manufacturing and emits fewer greenhouse emissions per unit weight than
OPC (Imbabi et al. 2012; Mahasenan et al. 2003). In addition, during the setting
process, lime sequester carbon dioxide (CO;), thus reducing its carbon footprint
impact.

Understanding climatic conditions is a critical ‘first-order’ concern in planning
and building functional and efficient buildings because climate substantially impacts
the function, operation, life duration, and overall durability of a building/structure
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(Forster et al. 2014, Jelle 2012; Rathore et al. 2020). However, material deteriora-
tion from poor weather circumstances such as temperature fluctuations, solar radi-
ation, atmospheric gases, humidity, rainfall, and the wind is less considered in the
construction guidelines (Oliver 2008; Lomas and Porritt 2017; Mizzi et al. 2018).
Lime mortar is temperature sensitive, affecting the development of hydration prod-
ucts and the creation of calcite compounds (Schroder and Ogletree 2010). These
outputs are important in defining the strength and long-term durability and, hence,
resistance to deteriorating features.

Due to changes in the construction industry landscape and lime mortar’s sensi-
tivity towards the atmosphere, most contemporary buildings in tropical Asia use
Portland cement (PC) (Rasiah et al. 2017). Further widespread use of PC-based
mortars is related to the benefits of the comparatively dense materials’ imperme-
ability or “waterproofing” qualities (Prezant et al. 2008). This viewpoint is largely
criticized, particularly in historic structures (Banfill and Forster 1999). Lime mortars
are crucial in these nations because they allow the structure to “breathe” by preventing
the wall from holding moisture (Lawrence 2006). Numerous buildings and homes
are constructed with PC-bound concrete because it is resistant to severe rains. In a
hot-humid climate, biological growth from penetrating rain, evaporation, condensa-
tion, air pollution, dehydration, and thermal stress typically causes faults in rendering
and mortars (de Oliveira et al. 2021).

1.2 Methodology

In this study, the mortar specimens were made from St. Astier NHL 3.5 lime,
sand aggregates, and purified water. In order to guarantee that any salts and other
contaminants were eliminated from the water, distillation was performed on it.

1.2.1 Specimens Manufacturing

The rheological characteristics of the mortars were determined using a manually
controlled flow table device (BS EN 459-2:2010). The binder: aggregate volume
ratio of 1:3 was chosen, and the mixing was designed based on the relative bulk
density (RBD) principles, as shown in Table 1.1 (Razali et al. 2020).

Table 1.1 Mortar manufactures constituents and flows value

NHL density (g/L) | Constituent amounts of materials in the mortar used in | Flow value (mm
the slump test + 2 mm)

Mass of NHL (g) | Mass of sand (g) | Mass of water (g)
650 207.9 1564.0 332.0 165
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The ‘dry mixing’ approach was chosen, in which the binder and aggregates were
mixed for three minutes using a mechanical mixer before adding water and mixing
for another three minutes (Allen et al. 2003; Ball et al. 2009). The mixture then being
poured into 160 x 40 x 40 mm moulds. Afterwards, an automated vibrating table
was utilized to compact the samples and remove trapped air (BS 459-2: 2010).

1.2.2 Curing Process

The curing process was conducted in an environmental chamber using accelerated
tropical climatic simulations of temperature (°C) and relative humidity (RH) of (i)
20 °C-60%RH; (ii) 27 °C-90%RH; and (iii) 33 °C-90%RH. Seven days after being
placed inside the curing chamber, the samples were de-moulded. The samples were
covered with damp hessian fabric to minimize moisture loss during the early phases of
the specimen set. A CO; injection system was devised to ensure enough carbonation,
permitting a continuous CO, concentration of 450-500 ppm.

1.2.3 Chemical and Physical Testing

As recommended by Hanley and Pavia (2008), a 56-day test period was chosen as
an acceptable alternative to the 365-day primary test duration.

1.2.3.1 Potential Hydrogen—pH

The pH value is important to ascertain the alterations that took place during the
hydration process. Rasanen and Penttala (2004) used the approach to determine the
hardened mortar. In order to prevent measurement errors caused by carbonation and
variations in moisture content gradient, the mortar samples were manually cut at
a depth of 40 mm from the surface. Afterwards, the samples were run through a
crushing press to turn them into fine powdery particles. Following the crushing step,
15 g of the specimen was mixed into 15 mL of purified water.

1.2.3.2 Carbonation Depth

The samples were sprayed with 0.1% phenolphthalein solution, in which the colour
pink denotes uncarbonated mortar. The stained area was measured using a digital
calliper (& 0.01 mm) and photographed with a digital single-lens reflex camera for
the record.
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1.2.3.3 Mortar Strength Tests

The mortar samples were tested for three-point flexural strength (flexural response)
using universal testing machine at low loading rates of 2 mm/min (Apostolopoulou
etal. 2020). On the other hand, the compressive strength test applied load compresses
the sample between the platens of the compression testing apparatus (BS EN 459-
2:2010). The results’ data were calculated using the standard flexural and compressive
strength test formulas.

1.2.3.4 Sorptivity Test (Capillary Absorption)

Evaluating capillary absorption by adopting the direct gravimetric technique provides
insight into porous structure and volume (Benachour et al. 2009; Hall and Hoff 2012).
The surface of the specimens was then coated with resin except for the bottom surface
(the surface that will come into contact with water). The specimen was immersed
in water that had a height of 5 mm. Five weight gain readings are taken within the
specified time interval. The data was then graphed, and the sorptivity value was
calculated using the slope gradient, as shown in Eq. (1.1) (Dias 2000);

Sorptivity, i = kv/t (1.1)

A study by de Oliveira et al. (2006) measured the sorptivity coefficient, k, in kg/
m?/min®>. In this study, however, k values are given in terms of volume; volume

(mm?) absorbed across section (mm?) per min = mm/mm®>.

1.2.3.5 Physical Pore Structure Analysis

This study used an electron microscope to study further the pore structure of the
mortar specimen. The scanning electron microscope (SEM) is superior to conven-
tional microscopes in several ways. The SEM has a broad field depth, allowing a
greater portion of a specimen to be in focus simultaneously. Additionally, the SEM
has a lot better resolution, allowing for much greater magnification of closely spaced
specimens.
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1.3 Results and Discussions

1.3.1 Potential Hydrogen—pH

Figure 1.1 shows that the entire specimens read a high amount of alkalis of pH 14
on the day of casting and read pH 10-12 after a week. After 14 days, the pH of each
specimen fell to 7. As a mortar exterior chemically reacts with CO, in the atmosphere,
the Ca(OH), compound carbonates into calcite. Principally, the carbonation process,
with time, lowers the pH value in the mortar by maximizing the number of Ca* ions.
Although the pH values change is small, a clear trend can be distinguished.

Based on the data obtained, it was determined that the neutralization process
with its corresponding exothermic reaction had occurred per Eqs. (1.2) and (1.3)
(Lottermoser 2010). The interaction between calcium hydroxide and carbon dioxide
produces a mortar that hardens rather fast. However, the process can be reversed if
the temperature, water loss, or carbon dioxide loss changes. The pH will decrease
with the continued re-precipitation of carbonate, which releases hydrogen ions.

2 _

CaCO3(S) + H(thueous) < Ca(;]ueous) + HCO3(aqueous) (12)
2 _

CaCO3(S) + 2I_Iz‘gnqueous) < Ca(zjt_lueous) + H2C03(aqueous) (1.3)

The pH value will decrease as the calcium inside the mortar solubility rises.
The mortar exterior surface exhibited limited moisture vapour movement, resulting
in greater pH variation and carbonation depth variation compared to the sample’s
opposite side. In this experiment that involves a high-humidity atmosphere, excessive
moisture will transport more hydroxides (alkalis) to the surface, thus increasing the
pH. This reaction may weaken the mortar since calcium ions (Ca>*) are necessary to
form hydrates.

Then again, the pH changes might be related to differences in material features
and qualities, which had a commensurate effect on the degree of carbonation in the
mortars. Carbonation is responsible for the overall decrease in pH over time. During
the initial week of curing, the surfaces of all specimens were exposed to atmospheric

Fig. 1.1 pH of mortars
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carbonation. The optimal CO, concentration promotes quick carbonation of mortar,
hence lowering the pH levels.

The rate of hydration is accelerated by a high temperature, which also affects
the pH. The extended exposure of the specimens probably resulted in higher pH
alterations. Continuous measurements were conducted till the conclusion of the
investigation to detect any pH value rise.

1.3.2 Carbonation Depth

This study’s carbonation depth (Fig. 1.2) reveals that climate and curing time are
vital variables determining the mortar carbonation rate. This creates an environment
rich in carbonic acid, resulting in portlandite (Ca(OH),) transition into calcite. The
process results in the formation of calcium carbonate (CaCOs3), which aids in the
mortar’s hardening. Intriguingly, mortars cured at 27 °C-90%RH demonstrated better
carbonation than other studied climates, in which the mortars were fully carbonated
in 14 days. In a lower-studied climate, the time required for complete carbonation
was much longer (doubling to 28 days). On the other hand, a steady linear trend was
observed during the 33 °C-90%RH climate.

Due to lime’s intrinsic thermodynamic features (high carbonation tempera-
ture, high CO, carrying capacity), carbonation rates increase as the temperature
rises (Materic and Smedley 2011). As the temperature rises to 33 °C, the water’s
contact with the solid surface increases, and the carbonation process begins swiftly.
After prolonged contact with high temperatures, the materials become dehydrated,
preventing the carbonation of Ca(OH),. The carbonation process was continued in
an atmosphere of 90%RH. This was a result of the detrimental effect of excessive
humidity on carbonation. Importantly, the pace and magnitude of carbonation were
generally independent of time but temperature-dependent (Materic and Smedley
2011). Lime hydration is reactivated when exposed to humid air at room temperature.
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Fig. 1.2 Carbonation depth of mortars
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The pace of carbonation is affected by several environmental conditions, including
relative humidity, temperature, and the amount of CO; in the air. High CO, enhances
calcite formation from Ca(OH),. The presence of water adsorbed from the surface of
calcium hydroxide (as a result of the spraying regime) significantly impacts calcium
hydroxide’s carbonation. The presence of water adsorbed by mortar controls the
kinetics and significantly affects the carbonation progression of Ca(OH),. Carbon-
ation relies on the presence of water and happens fast near the surface. This is
accentuated in a carbon dioxide-saturated environment.

1.3.3 Flexural Strength

Figure 1.3 demonstrates that the specimens’ optimal curing conditions for flexural
growth were at 20 °C—60%RH. This data illustrates both quicknesses of early strength
(at 7 days) and the consistency of strong growth across 56 days. On the other hand,
the strength developments in the 27 °C-90%RH specimens were atypical, in which
the specimens had a positive early strength development but suffered a 61% loss at
28 days. Even though curing at 33 °C-90%RH experienced an early linear flexural
strength growth of up to 42 days, the specimens had the weakest flexural strengths
relative to specimens from different climate conditions.

The mortars improved their mechanical strength with extended curing times/
longer carbonation processes. Due to the rising binder content and porosity, which
facilitates the transport of CO; into the mortar where portlandite (Ca(OH),) is still
available to undergo the carbonatation process, the carbonation response was stronger
with longer curing durations. This aligns with the generally acknowledged body of
knowledge in this field (Hughes and Valek 2003; Holmes and Wingate 2002; Forster
et al. 2014). This is true for specimens cured at 27 °C-90%RH. Mortars cured
at the higher temperature of 33 °C-90%RH exhibited the worst flexural strength,
most likely due to a delayed carbonation rate impeded by very high and prolonged
moisture levels that impeded CO, diffusion. Nonetheless, Cizer et al. (2007, 2008)
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Fig. 1.3 Flexural strength of mortars
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indicated that the flexural strength of modified mortar depended heavily on alternative
ingredient(s), seeded material(s) and porosity.

In contrast, the flexural strengths found at the initial curing period of 28 days are
inconclusive due to the fact that the specimens were greatly impacted by the water
content used in the mix and humidity in the atmosphere, as there is a direct correlation
between water ratio and strength. Lanas and Alvarez-Galindo (2006) developed a
hypothesis that helps to explain this phenomenon by demonstrating that mortars
have the best strength when a particular proportion of Ca(OH), stays uncarbonated.
Observations corroborated this hypothesis on different testing days in all studied
climates. A modest drop in uncarbonated Ca(OH), results in a small decrease in
mortar strength. However, analytical analysis cannot precisely identify Ca(OH),’s
quantity.

1.3.4 Compressive Strength

Figure 1.4 illustrates the influence of temperature and curing time on the mortar’s
compressive strength. All specimens show an increase in strength with respect to
time, even though the strength development varies according to the studied climates.
Itis reasonable that, while analyzing the growth of compressive strength, the variables
impacting the quality of flexural strength would also be prominent. As discussed in
flexural strength, carbonation rate determines strength development. The compres-
sive strength improves over time by converting Ca(OH), to CaCOs; (calcite). This is
predicted and consistent with the recognized knowledge of the mechanics behind the
development of strength in lime mortars during curing. According to Moropoulou
et al. (1997), because crystalline calcite is present in the mortar, the porosity of the
material is reduced, while at the same time, its strength is increased.

Mortars lost strength due to prolonged, high-temperature curing over extended
periods because they exhibited a non-uniform distribution of hydration products due
to rapid hydration. This resulted in an increase in porosity and a high compressive
strength in the early stage. However, a decrease in longer strength development
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Fig. 1.4 Compressive strength of mortars
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was observed in most accelerated climates. These findings correlated with Ezziane
et al. (2007), who observed the strength loss evolution in elevated temperatures and
proposed mineral admixtures in the mortar as a plausible solution. Some mineral
admixtures in the mortar change the hydration kinetics, resulting in a decrease in
heat evolution and the production of extra C—S-H.

1.3.5 Sorptivity

A substantial correlation between lime mortar and sorptivity highlights the signifi-
cance of a mortar’s absorption and transmission properties. Figure 1.5 demonstrates
that the water absorption rate and sorptivity coefficient significantly affect the curing
environment and time. The samples cured at the lower climate had a denser struc-
ture, as shown by their high sorptivity values. Additional research revealed that the
33 °C-90%RH specimens had the greatest k values, indicating an abundance of
linked pores.

The mortar specimens in 20 °C-60%RH climate displayed the lowest sorptivity
values. It is believed that the intricacy of matrix development in the structure is
a consequence of composition and hygrothermal conditions that either promote or
inhibit growth; an increase in sorptivity does not necessarily cause by a decrease in
relative humidity. Based on microscopy investigation, the specimens cured at this
climate observed crystal formations of unusual forms and sizes.

Even though the specimens were exposed to the same high humidity level, it was
shown that the temperature impacts affected pore structure, resulting in increased
sorptivity. This was likely the result of a conducive atmosphere for the development of
hydration products. Once exposed outside the curing box, the temperature differential
between the specimens and the ambient room temperature may have further altered
the sorptivity. In order to achieve thermal balance with the surrounding air, the
specimens would emit a certain quantity of moisture into the environment. As aresult,
moisture release and loss during equilibrium attempts would reduce the moisture
content of the specimens. This would affect their absorption throughout the sorptivity
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Fig. 1.5 Sorptivity coefficient, k of mortars
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tests. Specimens treated at 33 °C-90%RH had a crystal structure that was smaller
but more uniform and regular-shaped than those cured at 20 °C-60%RH. It is fair to
conclude that these tests resulted in size discrepancies in the crystal formations, which
led to a decrease in water absorption. Variations in the physical properties linked with
cure led to variances in sorptivity. These findings are comparable to those of Kerr
(2008), who proposed probable parameters that may influence the deterioration of
the pore structure due to the formation of additional hydration products.

1.3.6 Physical Pore Structure Analysis

Figure 1.6 depicts SEM photographs of specimens. Clusters of needle-shaped (acic-
ular) and hexagonal plate-shaped crystals can be found embedded in various places
throughout the set matrix. Crystals that resemble needles (acicular) are indicative of
the C—S—H morphology. Ettringite formation was also identified. Through its hydra-
tion process, ettringite hydrates fast, creating early strength and generating significant
heat. Its creation might partially explain the strong outcomes of all lime mortars
cured in tropical climates gaining rapid strength development but subsequently
experiencing a strength loss afterwards.

1.4 Conclusion

The study shows that lime mortar specimens cured in accelerated tropical climates
exhibited enhanced early-age strength development, but the strength qualities and
pore structure deteriorated with time. These findings demonstrate the challenges
of using NHL materials in high-temperature and high-humidity conditions, such as
tropical climates. Specimens cured in accelerated tropical climates exhibited clusters
of needle-shaped acicular and hexagonal plate-shaped crystals that led to unstable
matrix formation. These results are critical because the pore structure’s growth signif-
icantly impacts the hardened material’s strength, permeability, and durability. This
can potentially compromise the lime mortar’s properties, leading to structural failure
that could result in user safety. However, further studies should be made by studying
the new mixture of NHL using other admixtures or addictives to overcome the
deficiency of lime mortar quality used in tropical climates.
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