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Fig. 2. OM images with plane (a, c) and crossed (b, d) polars of CC (lime mortar with calcareous aggregate) (a, b) and CS (lime mortar with siliceous 
aggregate) (c, d) mortars.

Table 2. Chemical (XRF) and mineralogical (XRD) composition of calcitic lime (CL), calcareous (CA) and siliceous (SA) aggregates

CL CA SA

Chemical composition (XRF) (wt %)  
SiO2 0.35 0.16 95.11
CaO 78.01 59.59 0.35
SO3 1.39 0.03 0.05
MgO 0.70 0.87 0.25
Fe2O3 0.10 0.04 0.21
Al2O3 0.18 0.06 0.55
K2O 0.05 0.01 0.26
P2O5 0.04 0.01 0.10
Mineralogical composition (XRD) (%)  
CC 3.8 100 –
CH 96.2 – –
Qtz – – 100
Mineralogical composition (TGA) (%)  
CC 8.9 99.5 *
CH 87.1 – *
Qtz – – *

CC, calcite; CH, portlandite; Qtz, quartz.
*Thermogravimetric analysis (TGA) was not performed on SA because quartz undergoes only structural transformation (α quartz → β quartz) within the 
established temperature, with no weight loss.
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mortars, which were characterized by the worst textural proper-
ties over the first month (especially in the first week of curing, 
when the calcareous aggregate mortars had high porosity in the 
ITZ; Fig. 2a and b), showed a larger increase in density after the 
first year (Fig. 4a and c) and an improved cohesion between the 
matrix and the grain surface. The higher degree of carbonation 
recorded in CC mortars compared with CS at this time is 
responsible for this improvement. In contrast, it was observed 
that poor cohesion between the newly formed calcite and the 
surface of the siliceous grains in CS mortars existed even after 
2 years of carbonation. In CS mortars some quartz grains are 
visible at different magnification (Fig. 4f), whereas in CC mor-
tars it was almost impossible to recognize the calcareous grains, 
as their surface was completely covered by the newly formed 

calcite (Fig. 4e). However, it is possible that the visible quartz 
grains observed in Figure 4f are a result of the preparation of 
the sample before the FESEM observation.

Pore system of the mortars

CC and CS mortars are mainly composed of pores with a radius 
of between 0.1 and 1 µm (Fig. 5), which is a structural peak typ-
ical of lime pastes, whose height depends on the amount of 
water initially added when mixing the mortars and that subse-
quently evaporated (Arandigoyen et  al. 2005; Lawrence et  al. 
2007).

The porosity of CC mortars decreases during the first month 
(Table 3), the period in which the carbonation process is faster (Fig. 
3), leading to a 12% increase in volume caused by the transforma-
tion of portlandite into calcite. The clearest result of the carbona-
tion process in mortars is the rapid disappearance of the family of 
largest pores (r >1 µm; Fig. 5b), which are filled by both microcrys-
talline and amorphous calcite (Moorehead 1986). This is because a 
mineral phase (calcite in this case) is more likely to precipitate 
inside the larger pores, where the energy required for their growth 
is lower than in the smaller pores (Rodriguez-Navarro & Doehne 
1999). Interestingly, an increase in the porosity percentage is 
recorded from 1 to 6 months after the experiment began (Table 3) 
and this is due to an increase in the volume of pores in the 0.01–
0.15 µm size range (Fig. 5a and b) This phenomenon was also 
observed by Lawrence et al. (2007) and is due to the formation of 
agglomerates of small calcite particles at the interface between 
aggregate grains and matrix. On the other hand, Arandigoyen et al. 
(2006) found that in lime and blended pastes the volume of pores 
with a radius of between 0.01 and 0.03 µm falls sharply during car-
bonation. This apparent discrepancy demonstrates the important 
influence of the aggregate on the microstructure of the mortar.

The volume of the smaller pores continues to increase until the 
end of the study, which confirms that carbonation is still continuing 
after 2 years.

No clear relation was found between carbonation time and the 
small variations of the size of the main family of pores  
(0.1 < r < 1 µm; Fig. 5b). During the first month, when most of the 
microstructural changes caused by the carbonation process took 
place, the main peak on the x-axis shifted slightly towards greater 

Fig. 3. Evolution of the carbonation process: carbonation degree index 
(ICD, in %) represented as a function of the time (in days) for the 
outer (-EX) and inner (-IN) areas of CC (lime mortar with calcareous 
aggregate) and CS (lime mortar with siliceous aggregate) mortars after 
28 days (28D), 2 months (2M), 6 months (6M), 1 year (1Y) and 2 years 
(2Y). ICD was calculated from the amount of portlandite obtained at each 
time interval by means of thermogravimetric analysis.

Table 3. Open porosity (Po) and bulk density (ρb) obtained by mercury injection porosimetry (MIP), specific surface area (SSA) and pore volume 
obtained by N2 adsorption, of lime mortars made with calcitic (CC) and siliceous aggregates (CS) at different time intervals

Time Po (%) ρb (g cm−3) SSA (m2 g−1) Pore volume (cm3 g−1)

CC mortar  

7D 39.9(1.30) 1.57(0.04) 4.04(1.46) 0.011(0.98 × 10−3)
15D 35.2(1.68) 1.55(0.04) 4.13(0.79) 0.013(2.25 × 10−3)
28D 32.5(2.74) 1.60(0.05) 3.56(1.80) 0.023(13.27 × 10−3)
2M 35.0(1.10) 1.65(0.04) 3.35(0.74) 0.021(4.80 × 10−3)
6M 41.0(2.06) 1.61(0.08) 3.27(0.38) 0.005(1.57 × 10−3)
1Y 39.0(3.09) 1.40(0.27) 2.32(0.45) 0.008(1.95 × 10−3)
2Y 38.6(0.06) 1.63(0.01) 2.25(0.66) 0.007(1.99 × 10−3)
CS mortar  
7D 36.8(2.18) 1.61(0.03) 2.91(0.48) 0.010(4.40 × 10−3)
15D 37.8(1.58) 1.63(0.04) 2.32(0.43) 0.008(1.66 × 10−3)
28D 32.8(3.34) 1.65(0.06) 3.10(1.18) 0.027(16.3 × 10−3)
2M 34.3(3.39) 1.65(0.02) 3.62(0.31) 0.029(3.00 × 10−3)
6M 37.4(0.25) 1.62(0.01) 3.69(0.06) 0.010(4.16 × 10−3)
1Y 35.7(0.22) 1.67(0.01) 2.37(0.23) 0.008(0.54 × 10−3)
2Y 35.3(0.73) 1.68(0.01) 2.13(0.64) 0.006(3.61 × 10−3)

7D, 7 days; 15D, 15 days; 28D, 28 days; 2M, 2 months; 6M, 6 months; 1Y, 1 year; 2Y, 2 years. Standard deviation of each value is given in parentheses.
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radii (from 0.41 to 0.48 µm) and the volume of pores within this 
range increased. During the following 5 months, the volume of these 
pores increased but their size did not. After 1 year, the main peak has 
the same shape (size and volume) as observed after the first 2 weeks 
of carbonation. Despite this, the main radius of pores is unchanged 
with time, hence these variations can be linked to the heterogeneity 
of the pore network more than to the carbonation process.

The porosity values of CS mortars are fairly constant in the first 
month of carbonation and only slightly higher after 1 year. CS mor-
tars show a smaller volume of nanopores (Fig. 5c) as well as of pores 
with radius between 0.1 and 1 µm (Fig. 5d), owing to the fact that less 
kneading water was used in the preparation of these mortars (see 

above). Nevertheless, CS mortars are characterized by a much 
greater volume of larger pores (1 < r < 10 µm) than CC mortars, 
owing to the poor cohesion found at the ITZ of CS samples (see the 
section on textural characteristics of mortars) caused by both the less 
continuous grading and the smooth surface of the siliceous aggregate 
grains. In CC mortars, the presence of large pores at the ITZ was 
observed only after 7 days of curing, as the PSD curve at this time 
also confirms (Fig. 5b). PSD curves obtained for CC at other time 
intervals do not show the presence of large pores and this indicates, 
once more, that these pores are filled by newly formed calcite.

In both mortars the specific surface area (SSA, Table 3) 
decreases from 1 year of carbonation onwards and almost no differ-

Fig. 4. FESEM images of CC (lime mortar with calcareous aggregate) (a, c, e) and CS (lime mortar with siliceous aggregate) (b, d, f) mortars after 
28 days (a, b), 1 year (c, d) and 2 years (e, f).
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ences were found in the SSA values of CC and CS. However, the 
SSA value of the CC mortar is higher in samples after 28 days of 
curing, as the calcareous aggregate has a higher specific surface 
area (see the section on water dosage of the mortars). In the same 
way, the volume of nanopores obtained by N2 adsorption increases 
until 28 days in CC and 2 months in CS mortars, after which it 
decreases again.

Hygric properties

As expected because of the higher porosity of CC mortars, these 
absorb a higher quantity of water than CS ones when they are 
immersed in water, but this quantity decreases for both mortars 
as carbonation progresses (see Ca values, Table 4). In samples 
with 28 days of curing, CC and CS appear to be saturated after 
around 10 h of the free water absorption test (insets of Fig. 6a 
and b). None the less, mortar samples continue absorbing water 
very slowly over the next 3 days. This second slope of the mass 
uptake curve, owing to a very slow water absorption, is more 
pronounced in CC mortars and reflects the differences in the 

volume of pores between mortars detected by MIP (see the pre-
vious section). The presence of small pores causes the decrease 
in the absorption rate (especially visible in 1-year-old samples) 
as has already been observed by Martys & Ferraris (1997).

As regards drying, more than one slope is observed in the curves 
of CC and CS samples, especially in samples with 1 year of car-
bonation, which dry more slowly than samples that have been 
cured for shorter periods (Fig. 6a and b), as indicated in the Id val-
ues for mortar samples (Table 4). This results in a worsening of the 
hygric properties of both mortars, because a slower drying means 
that water is retained longer in the mortar pore system, thus affect-
ing the durability of the mortars. This occurred especially in CS 
mortars, where the two slopes are more clearly visible. This behav-
iour is linked with the pore system of CS samples, which is charac-
terized by a greater volume of large pores (1 < r < 10 µm) connected 
to smaller pores (0.1 < r < 1 µm; see the previous section). In this 
type of network, larger pores are the first to empty, whereas smaller 
pores remain full of liquid and dry more slowly (Scherer 1990).

Another consideration that must be drawn from these curves regards 
the absorption and drying ability of mortars during carbonation. A high 

Fig. 5. Pore-size distribution curves of CC (lime mortar with calcareous aggregate) and CS (lime mortar with siliceous aggregate) mortars determined 
after 7, 15 and 28 days, 2 and 6 months, and 1 and 2 years of carbonation. Curves in (a) and (c) were determined with the BJH method, whereas 
curves in (b) and (d) were determined by means of the MIP technique. In all curves, the incremental volume (ml g−1) of pores is plotted against their 
radius (µm).
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absorption of water is obtained in samples carbonated for 28 days, as a 
consequence of the higher porosity and shrinkage fissures of samples at 
this age, as was also found by Martys & Ferraris (1997) in mortars and 
concrete. The decrease in the amount of water absorbed in samples with 
6 months of curing seems in contrast to the increase in open porosity 
observed by MIP from 2 to 6 months of carbonation (Table 3). However, 
if one observes the PSD curves for both mortars (Fig. 5b and d) it can 
be seen that in this period the volume of pores with a radius of between 
0.01 and 0.15 µm decreased, which indicates that these pores do influ-
ence water absorption in mortars. Finally, after 1 year of carbonation, 
water absorption was similar to that obtained at 28 days in both mortars.

Also, the amount of water absorbed by capillary action (imbibi-
tion) is higher in CC mortars than in CS mortars (Fig. 6c and d). 
This process is slow in CC samples with 28 days of carbonation, as 
indicated by the lowest A value (Table 4). A partial dissolution of 
portlandite in water occurred in fresh samples and this slowed 
down the water rise. In mortar samples after 2 months, 6 months 
and 1 year, water capillary uptake is faster than in less cured sam-
ples (28 days) (Fig. 6c). Despite this, the capillary uptake in 2-year-
old samples slows down again, especially in CS samples (Fig. 6d). 
These observations are confirmed by the values of the A imbibition 
coefficient presented in Table 4.

The capillary front reaches the top of the samples after 6 h in CC 
and after 8 h in CS, as shown in Figure 6e and f. None the less, this 
visual saturation does not coincide exactly with real saturation, 
which occurs 3 h later as the mass uptake curves show (Fig. 6c and d). 
This small time-lag between visual and real saturation of the sample 
indicates that although the water has already reached the top of the 
sample (as shown in Fig. 6e and f), it continues filling the pores at a 
slower rate because of the presence of different pore ranges. When 
all connected pores are filled the sample stops absorbing water and 
mass saturation is achieved. However, the pore network of both 
types of mortar can be considered fairly homogeneous (the majority 
of pores are between 0.1 and 1 µm; see the previous section) because 
the capillary ascent and mass uptake represented as a function of the 
square root of time are linear in the majority of the samples (Beck 
et al. 2003) and the time-lag between visual and real saturation is 
not as large as in other heterogeneous materials (such as tuff) that 
are characterized by a higher volume of large pores.

It is important to bear in mind that the interpretation of hygric 
tests in mortars is often complicated by the fact that portlandite 
can dissolve during water absorption, especially during the first 
months of mortar life. Clear evidence of this can be seen in Figure 
7, in which part of a 28-day-old mortar sample dissolved when 
water was forced into it. Interestingly, the non-dissolved zone is 
located at the border of the sample and is 4 mm deep. This indi-
cates the advancing carbonation margin (from the surface to the 

core; Cazalla 2002; Lawrence et al. 2006). In the same way, dur-
ing capillary processes in the CS samples, two zones were clearly 
distinguished on the top surface, one saturated and the other still 
dry. The wet zone formed a contour at the edges of the surface, 
which resembled the carbonation border. In CC samples, satura-
tion was reached in a more uniform way and no clear border was 
perceived. The presence of carbonated and non-carbonated zones 
in mortars produces a heterogeneity that directly affects the hygric 
properties of the mortars.

Mechanical properties

As has been observed in other studies (Lanas & Alvarez-Galindo 
2003; Arizzi et  al. 2011), mortars prepared with calcareous 
aggregate (CC) show higher density and mechanical strengths 
compared with those prepared with siliceous aggregate (CS) 
(Fig. 8a). The cause of better cohesion of CC mortars is depend-
ent upon two main factors: the more continuous grading of CA 
aggregate, which induces better cohesion between aggregate 
grains and matrix, and the good compositional continuity that 
exists at the interface between the calcite crystals of the aggre-
gate and the newly formed calcite crystals of the matrix (Cultrone 
et al. 2007). This crystallographic continuity does not exist in CS 
mortars, which are indeed more fragile and show a high tendency 
to pulverize during and after rupture, especially when these are 
submitted to mechanical tests when only 1 month old.

Mortar strength increases during the carbonation process, espe-
cially during the first 6 months, after which resistance values 
remain fairly constant.

The way in which mortars broke during compressive tests is 
shown schematically in Figure 8b. In mortars, the first visible effect 
of the compressive strength applied along the direction perpendicu-
lar to the compaction plane is the detachment of superficial layers. 
It is well known that the carbonation process causes mortars to 
develop high mechanical resistance (owing to the increase in den-
sity and the decrease in porosity). Nevertheless, this higher strength 
does not develop at the same time throughout the whole material 
but shows better development in the outer carbonated part (Arizzi 
et al. 2011). A lower degree of cohesion exists between the carbon-
ated and the non-carbonated zone of the sample, as demonstrated 
by the fact that fractures mostly develop at this interface. This het-
erogeneity causes the type of rupture shown in Figure 8b (outer 
layers break off) and it is not expected to decrease over time 
because, as the same authors have observed in similar mortars 
(Arizzi et al. 2011), the differences of Young’s modulus between 
the internal and external samples increase with carbonation.

Table 4. Absorption coefficient (Ca), drying index (Id) and imbibition coefficients (A and B) of CC and CS mortars at different time intervals

Time (days) Ca (g min−1/2) Id A (g cm−2 min−1/2) B (cm min−1/2)

CC mortar  

28D 12.67(0.43) 0.68(0.01) 0.03(0.00) 3.25(0.22)
2M – – 0.07(0.00) 9.72(0.11)
6M 8.03(0.11) 0.88(0.00) 0.08(0.00) 7.47(1.55)
1Y 11.92(0.52) 0.80(0.03) 0.09(0.00) 8.33(1.14)
2Y – – 0.07(0.01) 8.77(0.30)
CS mortar  
28D 11.00(0.53) 0.77(0.01) 0.06(0.00) 8.45(0.19)
2M – – 0.06(0.01) 8.89(0.09)
6M 7.29(0.19) 0.88(0.01) 0.07(0.01) 7.20(1.23)
1Y 11.09(0.06) 0.80(0.02) 0.07(0.00) 9.63(0.10)
2Y – – 0.05(0.00) 7.43(0.03)

–, Absorption and desorption tests were not performed at 2 months and 2 years of carbonation. Standard deviation of each value is given in parentheses.
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Fig. 6. Free water absorption and drying curves of CC (lime mortar with calcareous aggregate) (a) and CS (lime mortar with siliceous aggregate) (b) 
mortars after 28 days (-28D), 6 months (-6M) and 1 year (-1Y) of carbonation; time (√t, in min−1/2) is plotted versus the weight increase (ΔM/M, in %); 
the vertical line in (a) and (b) indicates the beginning of the free water drying of mortar samples; Capillarity curves of CC (lime mortar with calcareous 
aggregate) (c, e) and CS (lime mortar with siliceous aggregate) (d, f) mortars after 28 days (-28D), 2 months (-2M), 6 months (-6M), 1 year (-1Y) and 
2 years (-2Y) of carbonation; time (√t, in min−1/2) is plotted versus the weight increase (ΔM/M, in %) (c, d) and the water uptake level (h, in mm) (e, f).
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Ultrasound propagates more rapidly in CC mortars and the 
increase in velocity is higher in these mortars than in CS, especially 
after 6 months (Fig. 8c and d). Arizzi et al. (2013) found a close 
correspondence between the P-wave propagation velocity (Vp) and 
the carbonation degree of mortars, whereas no direct relation was 
found between Vp and the aggregate grading and mineralogy. This 
similarity is clear if one compares the curves in Figures 3 and 8c, in 
which a common initial steep slope can be seen during the first 
month, followed by a slight and almost constant slope until 2 years 
of carbonation. This common trend confirms that the carbonation 
process induces microstructural changes that have a direct effect on 
the macroscopic properties of mortars (Arizzi et al. 2013). In addi-
tion, the most carbonated mortars at the end of the study are also 
the strongest and the most compact, which is the case of CC mor-
tars. This tight correlation with the degree of carbonation of the 
mortars was not found for the Vs values, although this parameter 
also increases over time (Fig. 8d). However, the study of Vs value 
has been dismissed by other researchers (Benavente et  al. 2006; 
Martínez-Martínez 2008) because secondary waves (S) proved to 
be useless for the characterization of stone materials.

As shown in Table 5, the elastic moduli values for the mortars 
increase over time and this coincides with the improvement in the 
cohesion and density of mortars. In general, CS mortars are character-
ized by slightly higher elastic moduli values, although this is more 
probably due to the different composition of the aggregate than to the 
microstructure of the mortars. The exception in this general trend is 
the Poisson ratio value, which decreases after 1 year of carbonation. 
These variations are probably due to the variability of the bulk density 
values (Table 3) used for calculating these moduli, which demonstrate 
the high heterogeneity of mortar samples. The high variability of the 
dynamic–mechanical values here reported is reflected in the standard 
deviation of the Vp values (represented as error bars in Fig. 8c).

Conclusions
In this study the influence of the aggregate characteristics in the 
carbonation process of aerial lime mortars has been investigated 
in detail. A dry hydrated lime and two aggregate types (calcare-
ous and siliceous) were used to prepare mortar samples. The 
study of the mineralogical and textural characteristics of the 
aggregates and their relationship with the carbonation of lime 
helped us to understand the differences in the physical–mechani-
cal properties of mortars and their evolution over time. The 
main findings on the relationship between the aggregate charac-
teristics and the mortar properties are as follows.

(1) The carbonation degree index, which combines and contrasts 
the results provided by X-ray diffraction and thermogravimetric 
analyses, has been shown to be an accurate method for studying the 
evolution of the carbonation process on the surface and in the core of 
mortars. Results showed that the transformation of portlandite into 
calcite occurs mainly in the first 2 months after preparation of the 
mortars, after which the transformation rate falls sharply. Mortars 
made with a well-graded calcareous aggregate with rough and angu-
lar grains are more carbonated than those made with a less well-
graded siliceous aggregate with polished and rounded grains, both on 
the outer part and in the core of the samples. This is due to two main 
factors: the better packing and cohesion achieved with the first type 
of aggregate; and the active role of a calcareous aggregate in the 
transformation of portlandite into calcite because of a compositional 
similarity and the presence of cavities on the grain surface, which act 
as nucleation sites for the new-formed calcite. After 2 years, 3–6% of 
non-carbonated binder was found in all the samples, confirming how 
slow the carbonation process is in aerial lime mortars.

(2) The specific surface area values indicate that the water required 
during the preparation of the mortars also varies depending on the 
aggregate used; for the same reasons as discussed in the previous point, 
the calcareous aggregate requires more water than the siliceous one. 
This leads to the formation of a larger amount of pores (a higher poros-
ity) in the mortars made with calcareous aggregate, owing, above all, to 
the shrinkage fissures observed in these mortars at the beginning of their 
life. However, in mortars with calcareous aggregate, the cohesion at the 
interface between the binder and the aggregate is greatly improved dur-
ing carbonation and this is reflected in the pore-size distribution of mor-
tars at the following time intervals. Three families of pores have been 
observed: the main family contains pores of between 0.1 and 1 µm and 
its volume is greater in mortars made with calcareous aggregate because 
they require more water; a second group of pores with a radius of more 
than 1 µm is obtained in mortars made with calcareous aggregate only 
after 7 days, whereas it is present in mortars made with siliceous aggre-
gate throughout the study; a third peak of smaller pores (ranging 
between 0.01 and 0.15 µm) is produced as a result of the formation of 
calcite and its height increases especially in the first months, when car-
bonation is faster. This phenomenon is particularly evident in mortars 
made with calcareous aggregate because of the growth of new micro-
metre-sized calcite crystals on the surface of the calcite grains.

(3) The heterogeneous pore network of mortars is also reflected 
in the hygric properties of mortars. The higher absorption observed 
in mortars made with calcareous aggregate suggests that pores with 
a radius of between 0.1 and 1 µm have the greatest influence on 
capillary uptake, as this type of mortar has a larger volume of these 
pores. Furthermore, the volume of pores with a radius of between 
0.01 and 0.15 µm influences the amount of water absorbed during 
the free water absorption test. Pores larger than 1 µm have less influ-
ence on total water uptake but they play an important role in the 
capillary absorption rate. In this sense, mortars with siliceous aggre-
gate absorb water more slowly than those with calcareous aggre-
gate, as the former have a larger volume of large pores. Finally, we 
found that the heterogeneity of mortar samples is increased by the 
partial dissolution of portlandite in water during hygric tests, espe-
cially in fresh samples (i.e. low-carbonated samples), and this fur-
ther affects the water absorption kinetics in mortars.

(4) The greater density of mortars made with calcareous aggre-
gate, produced by a faster carbonation process in these samples, 
induces higher mechanical resistance and propagation velocity of 
ultrasound within the material. A close relationship has been found 
between the carbonation degree index of mortars with calcareous 
and siliceous aggregates and the evolution of the propagation 
velocity within these mortars over time.

This research not only demonstrates that the aggregate character-
istics (mineralogy, morphology, grading and shape) influence the 
evolution of mortar properties (carbonation, porosity, hygric behav-
iour, mechanical resistance) but it also shows the way in which this 
happens. This is crucial for selection of the most suitable aggregate 

Fig. 7. Appearance of the mortar samples when water is forced into the 
mortar. The dissolved part marks a clear edge of about 4 mm that high-
lights a carbonation border.

 by guest on November 25, 2013http://qjegh.lyellcollection.org/Downloaded from 

http://qjegh.lyellcollection.org/
http://qjegh.lyellcollection.org/


ROLE OF THE AGGREGATE IN MORTAR CARBONATION 519

to design a mortar with specific requirements. As a general conclu-
sion for aerial lime-based mortars the selection of an aggregate with 
a continuous grading, angular shape and surface texture are of high 
importance with regard to promotion of carbonation and induction 
of good physical–mechanical properties. This study suggests that 

where a local supply of a calcareous aggregate can meet these 
requirements, the use of this aggregate may be more appropriate 
than a siliceous aggregate that does not. Furthermore, the study also 
indicates that compositional continuity between calcite aggregate 
and calcite mortar further improves mechanical properties and the 

Fig. 8. (a) Mechanical strengths (in MPa) of CC (lime mortar with calcareous aggregate) and CS (lime mortar with siliceous aggregate) mortars. Con-
tinuous and dotted lines refer to compressive and tensile strength, respectively. (b) Rupture in sheets of a mortar sample after the compressive test. (c, d) 
Velocity of P waves (Vp, in m s−1) (c) and S waves (Vs, in m s−1) (d) in CC (lime mortar with calcareous aggregate) and CS (lime mortar with siliceous 
aggregate) mortars. Error bars represent the standard deviation of the values at each time interval.

Table 5. Poisson ratio (ν), rigidity modulus (G), Young’s modulus (E) and volume (or compressive) modulus (K) of CC and CS mortars at different time 
intervals

Time (days) ν G (MPa) E (MPa) K (MPa)

CC mortar  

28D 0.23 1.01 2.49 1.56
2M 0.31 1.04 2.72 2.39
6M 0.31 1.38 3.60 3.11
1Y 0.11 1.88 4.16 1.78
2Y 0.29 1.64 4.23 3.42
CS mortar  
28D 0.16 1.17 2.73 1.35
2M 0.26 1.47 3.72 2.59
6M 0.29 1.34 3.45 2.73
1Y 0.27 1.61 4.10 3.01
2Y 0.15 2.23 5.14 2.46
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rate of carbonation. However, further studies comparing aggregates 
of different mineralogy but comparable gradings would be required 
to fully support the latter conclusion.
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