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EVALUATION OF LIMESTONE STRENGTH AFTER LONG-TERM
WEATHERING IN NATURAL CONDITIONS
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The sorption properties, porosity and density efliimestone rocks of the state of Yucatan
in Mexico (Campeche) are studied. Studies are mkefatesaving historical heritage, na-
mely the optimization technology of polymer matkrignjection in order to restore
strength and integrity of the colonial and pre-Sgfabuildings made from limestone.
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In previous publications positive conclusions & tise of mortars based on epoxy
and polyester resins as injecting materials tooresthe strength of damaged building
structures from limestone under long-term operatiere obtained. This is a widespread
practice and not only the continuity of buildingeelents can be restored, but their
workability on a level no lower with the startingen During investigations of limestone
from Yucatan region it was established that theeaille properties of epoxy and poly-
ester resins caused cracks formed outside the dingasting materials during repeated
application of destructive stress. This meanstti@tise of such injection materials is a
fast and effective method of recovery of bearimgrgjth and integrity of the structures.
In Yucatan a great heritage of historical buildibgdonging to the culture of the Maya,
Inca, Aztec (many churches and defensive wallsef3panish period) is saved. They
are built of limestone — material that is most camnn the region. Under the influence
of high humidity, sea air, biological activity amat tropical climate, superficial ele-
ments of historical buildings degraded, changed thechanical properties, porosity.
At the same time frequent precipitation, as raiaskes away the joints between
limestone from which all, with no exception, cuibmonuments (the Maya pyramids,
citadels, walls, forts, buildings) are composed.

To evaluate the strength characteristics of limestthe models, that take into
account the porous material and directly connestth compressive strength of porous
material, are used. Therefore the reported resgapart from specifying density and
porosity of local species, allows us to determiow ho relate the strength of limestone
and its porosity.

M athematical model of a solid body with a porous structure. Consider the de-
formation of a rock subjected to a uniaxial stré&dse simulation can be carried out
with a two-dimensional model of a body. Cracks andes with a crack are randomly
oriented in the material with respect to the dimctof the applied stress. Since the
crack propagation occurs along trajectories wheeeresistance to fracture (energy)
takes a minimum value, the series of the collirmeacks only is considered. In that way
the lower level of the material strength is attdirmie to collinear crack orientation
which is more dangerous in terms of strength ditdmu Defects available in parallel
planes will have a negative effect on the estimatezhgth. Thus, consider the location
of defects and uniaxial stress action in a bodwnfifite width, as shown in Fig. 1.
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Fig. 1. Scheme of fracture of a body with crackderriension.

Assuming a small size of cracks [1, 2] and applyhey concept of stress intensity
factors, it is possible to use the known problerutgan for the system of collinear
cracks as shown in Fig. 1 according to the Dugdalerov—Panasyuk model. These
authors obtained the correlation between the iitteafthe external load with the size

of the pre-fracture zone:
. (ma
Sln(z dj
— . @)

p= 2 o, Larcco
s

Hereaoy is the ultimate strength of the defect-free stbetveen pores and cracks.
Taking the condition of merging the pre-fracturees with the neighboring cracks as
a criterion for the material destruction, a forméda estimating the ultimate tensile
strength of porous material under tension is oletixs [3, 4]:

op =0p(1-a/d). 2)

Note that this equation presents the relation betwthe crack size and the
distance between the cracksgd), and displays the content of defects in the rnelter
and its damage. A lot of works for stochasticaistributed pores in the material gives
the following relationship, which allows us to fitlkde distance between the pores by
their size and porosity:

d=a(2+V,)/3V,. 3

It should be noted that the dominant effect onténachas the open porosity, or to
be more precise, the accumulation of larger panelsoimogeneous structures is dan-
gerous. In view of the previous equation, the gitierof the material under tension can
be determined by using the matrix strength asvid|{3]:

1-— 4
Op =0o| 1-3 v, (4)

From the last equation it is possible to note ttigcal influence of pores on the
material strength. Matrix material (limestone) degi® on its mineralogical composi-
tion and nature in terms of the phase stratificaiod mixture. More precise models
that better simulate the absorption propertiesnaé$tone are described in [5, 6].

Thus, to evaluate the effectiveness of strengtbvwexy of the cracked stones by
application of polymer injection it is necessaryctory out researches on the adhesion
characteristics of injection materials. Determioatof porosity allows characterizing
the nature of the stone and its strength properties

Experimental methodology. Determination of real density and apparent den-
sity, total and open porosity. The density and porosity of rocks can be determined
several ways, including the guidelines of Britistarf®lard EN 1936:1999, European
Standard EN 14617-1:2005 or Ukrainian Standard G@&450.1-85. In general, the
final formula does not differ, with the exceptioftolerance for the size of samples.
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Open porosity and apparent density. The specimens should be dried in a stove
at (70£5yC until the difference between 2 successive weigfstiat intervals of 24+2 h
is less than 0.1% of the sample mass. The specisgtatisbe kept in a desiccators until
room temperature (2018} is attained. After that determine the sample nésgkg)
weighed in air after drying. The next step invol#ies slow pouring of deionized water
into a container until the specimens are compleit@iyersed and covered by 2 cm.
After about 1; 8 and 24 h from the beginning of tib&s, and later at regular 24 h inter-
vals, take the specimens out of water, wipe withkamp cloth and weigh them. Con-
tinue to immerse the specimens in water and repeatests until the weight variation
of water saturated specimend,] differs by less than 0.01%. Immediately after the
final weighing of each sample, determine the apgameass ;) by weighing the
sample in water using a hydrostatic balance. Tipamgnt densitpy is calculated by:

M
=_ﬂ@iﬂ, (5)
M3 =M
where PH,0 is the true density of water at the measuring tatprre, kg/h

Water absorptiof%) can be determined as:

C= LELOO%. (6)
M2 =My
The open porosity describes the volume of openllasips which can be inter-
connected. This characteristic is evaluated algob#o
:.Nki:lﬂgiloogﬁl )

2 1

During determination of the open porosity the istgnof water absorption can be
found simultaneously. This parameter is determimgthe amount of water absorbed for
timet, area of 1.0 dfrof the sample partially immersed in 0.5 cm thiyek of water.

To do this, dip the sample in water to a depth.6fdn att = 1; 5; 15; 60 min to
determine the weight of the sample. Before weighifme with a damp cloth the surface
of the sample in contact with water. Then deterntiveedifference between the current
weight and the weight in the initial time and budldyraph of g/dm vs. time (min) axes.

The relationship between the intensity of wateroghtson W, of stone vs. time
can be expressed by the following formula:

Wa =W+ At-1)%, (8)
whereA, B are parameters determined approximately from ikgram, using analyti-
cal methods, for example measuring at two poinss €D min). The intensity of water
absorption varies depending on the direction oélayand is always greater in the case
of perpendicular placing of the stone layers towhéer surface.

Real density and porosity (British Standard EN 1936:1999) [7]. In case of
working with dense, low-porosity stones, the défeces between real and apparent
density, as well as between open porosity and tatebsity, is very small. For these
stones it is sufficient to determine the apparantsity and the open porosity. In case
of calcareous stone the open porosity can be 20%reater, thus it is necessary to
determinate the full porosity, which can be eveitéwthe value of the open porosity.
Two methods for the determination of the real dgnsan be applied, using the
pycnometer (Method 1) and Le Chatelier volumenom@tiethod 2).

The first method involves the grinding of each $men separately until the par-
ticles pass through a sieve with 0.063 mm mesterAfat dry the ground specimen to
a constant mass and set a massf approximately 25 g weighed with an accuracy of

Kp
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+0.01 g. Then fill the deionized water about half &f the pycnometer, add the weighed
massm, of the ground specimen into the pycnometer anthtggihe liquid to disperse
the solid matter. Expose the pycnometer to a vaaiuf2+0.7) kPa until no further air
bubbles rise, then fill it with deionized water ashto the top and leave the solid mat-
ter to settle down until the water above the residiclear.

Next, carefully top up the pycnometer with deiodizeater, fit the ground stopper
and gently wipe off any overflow. Finally weigh tlpgycnometer to an accuracy of
+0.01 g (m). Empty and wash the pycnometer, fill it with deiked water only and
weigh to an accuracy of £0.01 ).

The real density (kg/fhafter test can be calculated by applying formula:

— Mg
Pr—szrme_niszo- )
Results and discussion. Determination of porosity and absorption properties.
To determine intensity of water absorption the damprere placed in a container with
water 0.5 cm height. After 1; 5; 15; 30 and 60 s@mples were wiped with a damp
cloth and their weight was determined. Then sampie® covered with water 2 cm
above the height. Several times a day they wergned to another facet and the
bubbles from grain were removed until fully satimatwith water. When the weight
between the two neighboring inspections stabilifled,hydrostatic weight and weight
in air were determined. To determine the intensityvater absorption, Eqg. (8) was
applied to obtain results (Table 1). ParamegerB can be determined using different
approximation methods, for example a simple waytly points — as a rule, the
volume of adsorbed water for time 15 and 60 min.

Table 1. Adsor ption properties of stones, depending on their porosity (Kp)

No Kp, % Wi, g A B
1 14.41 21.56 8.42 0.33
2 21.04 8.42 1.95 0.91
3 24.34 15.27 15.51 0.44
4 3.89 1.04 0.27 0.5
5 4.44 8.97 0.29 0.5
6 18.28 38.31 8.14 0.66
7 9.73 7.02 2.28 0.57
9 4.37 2.56 0.67 0.54
10 7.51 - - -

11 9.56 8.78 2.38 0.55
12 31.8 39.07 10.8 0.56
13 19.65 12.27 2.57 0.57
14 20.63 11.38 1.33 0.56
15 30.25 19.0 4.28 0.58
17 15.91 17.89 7.8 0.48

As a result we received a plot with experimentah{soand the simulation (solid
line) (Fig. 2). The analysis of all these experitaémata is presented in Table 1. It
should be noted that for most materials water patieh law is similar to the root law
depending on whether paramegeis in the range from 0.5 to 0.55.

According to Table 1 the results of approximatiéthe intensity of water absorp-
tion are illustrated graphically in Fig. 3. All &s are noted in accordance to the porosity.
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Fig. 2. Fig. 3.

Fig. 2. Water penetration curve.

Fig. 3. Dynamics of water penetration for 11h: 3.89;2 — 4.37;3 — 4.44;4 — 20.63;
5-9.73,6 — 9.56;7 — 19.65;8 — 14.419 — 30.25;10— 15.91;11 - 21.04;
12-24.3413-31.8,14—-18.28.

Cubic specimens of calcareous stone were cut oustdidies of the open porosity
and the apparent density. It was found that mingie&l density of the investigated
limestone lies within 2.66 and 2.7 gf&nThis in turn helped to determine the closed
porosity of the material. The results of these istudave the values of these parame-
ters which we-re obtained by following the methadpl of EN 1936-1999 and are
presented in Table 2.

Table 2. Test result

Number of sampld Open porosity{ Closed porosityApparent density.
% glent
12 19.1 7.9 1.94
1.3 17.6 8.9 1.95
1.4 17.6 8.5 1.97
15 16.6 8.0 2.00
2.2 8.9 5.3 2.28
2.3 9.7 5.6 2.25
2.4 9.9 5.7 2.25
2.6 8.6 4.3 2.31
3.1 7.4 3.1 2.38
3.2 24.8 1 1.97
5.1 4.7 2.2 2.48
5.2 4.9 1 2.5
5.3 6.1 2.3 2.43
6.1 9.5 5.7 2.26
6.2 5.7 1.6 2.46
6.3 17 8 2.0
6.4 16.2 7 2.03
7.1 20.7 1.5 2.07
7.3 19.3 1.7 2.1
7.4 25.3 1.9 1.93
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Continuation of Table 2

8.1 4.2 0.7 2.53
8.2 7 6.1 2.31
8.3 6.5 7.1 2.3
8.5 52 1 2.49
12.1 31 0.7 1.8
12.2 25.9 8 1.76
12.3 33.7 1.8 1.72
12.4 33.3 0.2 1.77
13.2 221 4 1.97
13.5 23.5 29 1.95
14.1 14 51 2.15
15.1 29.8 4.2 1.75
15.2 33.7 2.2 1.7
16.1 15.2 4.4 2.14
16.3 17.1 4.4 2.14
17.1 8 4.3 2.33
17.2 14.6 5.9 2.1
17.3 12.1 5.9 2.1
17.4 21.2 6.1 1.93
18.1 23.6 3.6 1.93
18.2 26 4.7 1.84
21.1 54 2.8 2.44
21.2 6.5 3.9 2.38
21.3 53 3.5 2.43
22.1 6.7 1.3 2.44
22.2 3.7 1 2.53
22.3 3.4 0.8 2.55
22.4 8.6 5.6 2.28
23.1 21.7 2.5 2.02
23.2 19.6 2.7 2.07
23.3 20.7 2.8 2.03

1 19.7 29 2.05

Results indicate that the samples with high medahiharacteristics have higher
density 2.3...2.6 g/cfrand low open porosity (3...10%). Closed porosityngfes in the
range 1...9% and does not indicate a good correlatitinapparent density and open
porosity. For example stone samples of seriesdnd’23 have similar open porosity
and apparent density, but closed porosity is egual3; 1.7 and 2.7%, respectively. This
scatter of experimentally obtained parameters cdmglddue to the different crystal
structure, strength and deformation properties.

Porosity varies within a very wide range and fampkes of series 7; 12; 13; 15;
18; 23 this property reaches values of 20...33%. Peeted results were those for
calcareous stone samples of series 7 and 23 whimliesl the porosity of about 20%
and high mechanical strength and fracture toughriesestigation of mineralogical
composition and crystalline structure is neededrier to explain this behaviour. At
the end of the present research work it is onlysibtes to establish that the studied cal-
careous stone material has a very low level ofetlgsorosity. To establish a correla-
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tion between the open porosity and the ap-
parent density the values listed in Table 2
were plotted as shown in Fig. 4. From data
in Fig. 4 it can be suggested that the experi-
. mental points have a good convergence
K with the open porosity in the range from 4

141 to 10%. The second group of materials
with porosity values from 15 to 35% pre-

sent more variation in density. The rela-

0 5 10 15 20 25 Kp% tionship between the density and the poro-
Fig. 4. Relationship between the open  SItY IS not linear and can be described by:
porosity and the apparent density. 8, = 2,75 (10)

In(e+0.063K, )’

This formula is correct only when the open porosifycalcareous stone is less
than 35%. This ratio may be suitable for the tasksed.

CONCLUSIONS

Studied calcareous stones have heterogeneous togies origin and nonuni-
orm structure. The performed analysis only supiilficdescribes the characterristics
of calcareous stones that are deposited on thitotgrof Campeche. During experi-
ments the strength and deformation characteridtiesppen porosity and the apparent
density of natural stones were established. Baseexperimental data the analytical
pendence for predicting the limestone density gpesthdence of its porosity, was built.

PE3FOME. BuBueHO cOpOIiiiHi BIACTHBOCTI IIOPUCTOCTI Ta TYCTHHH BaITHAKOBHX KaMEHIB
i3 mraty FOxatan B Mekcuti. JlocmimpkeHHs] HEOOXiHI TSt 30€peKeHHs iICTOPHYHOI CITa IIIHH,
a caMe ONTHMIi3amii TeXHOJOrIl iH' €KTyBaHHS HOJMIMEPHHX MaTepialliB 3 METOI0 BiJHOBICHHS
MIIHOCTI Ta WiTICHOCTI KOJOHIAIBHUX Ta JOICTIAHCHKHUX Oy/IiBENb 3 BAIHIKY.

PE3IOME. VI3ydeHbl cOpOIMOHHBIE CBOMCTBA IMOPHCTOCTH M TUIOTHOCTH HM3BECTHSKOBBIX
kamHell n3 mrara lOkatan B Mekcuke. MccnenoBanust HEOOXOUMBI JIJIsI COXPAaHEHUST UCTOPH-
YEeCKOro Hacienus, @ MIMEHHO ONTHMHU3AI[MH1 TEXHOJIOTUH WHbEKTUPOBAHUS MOIMMEPHBIX MaTe-
pHAJIOB C LIENbI0 BOCCTAHOBJICHUSI MPOYHOCTH M IIEJTOCTHOCTH KOJIOHHMAIBHBIX M JOMCIIAHCKUX
3/1aHUH U3 U3BECTHSIKA.
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