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ABSTRACT: This paper compares different experimental methods for measuring water permeability in 17 dif-
ferent porous building rocks. Both commercial apparatus and specially made designed permeameters are used
for characterising intrinsic permeability and hydraulic conductivity, k, of rocks in the range of 107" to 107 m/s
(~107"°=10"" m* or ~ 10™*~10* mD). We use both falling head and constant head permeameter methods includ-
ing the triaxial and modified triaxial tests and a classical constant head permeameter.

Results showed that for very low and low permeability samples (k<107° m/s), triaxial conditions were found
the most accurate procedures and they provided similar or slightly lower permeability values than constant and
falling head methods. The latter techniques were highly recommended for permeable and high permeable porous
building materials. Water permeability values were also linked to effective porosity and interpreted in terms of
interparticle and vugs porosity. Finally, some modifications in the apparatus and procedures were carried out in
order to assess water permeability in soft materials, which involve the use of non-saturated samples.

KEYWORDS: Permeability; Water transport properties; Ornamental stone; Sedimentary rocks

Citation / Citar como: Galvan, S.; Pla, C.; Cueto, N.; Martinez-Martinez, J.; Garcia-del-Cura, M.A.; Benavente, D.
(2014) A comparison of experimental methods for measuring water permeability of porous building rocks. Mater.
Construcc. 64 [315], €028 http://dx.doi.org/10.3989/mc.2014.06213.

RESUMEN: Comparacion de métodos experimentales para medir la permeabilidad al agua en rocas de construc-
cion porosas. Se comparan diferentes métodos experimentales para la medida de la permeabilidad al agua en
rocas porosas usadas como material de construccion. Se usaron diferentes permeabilimetros, (comerciales y
desarrollados especificamente) empleando los métodos triaxial, triaxial modificado, carga constante y carga
variable.

Se caracterizo la permeabilidad intrinseca y conductividad hidraulica, k, con valores que varian desde 107
a10™ m/s (~107°-10""" m? or ~10*-10* mD). Para muestras poco y muy poco permeables el ensayo con célula
triaxial fue el mas reproducible. Los ensayos de carga constante son muy recomendables para rocas porosas de
construccion permeables y muy permeables. Ademas, se definen los parametros experimentales mas apropiados
para caracterizar la permeabilidad de rocas de construccion. La permeabilidad al agua se relaciona con la poro-
sidad efectiva y se interpreta en términos de porosidad tipo interparticula y vugs. Finalmente, se modificaron
los equipos y procedimientos para poder estimar la permeabilidad en materiales blandos.

PALABRAS CLAVE: Permeabilidad; Propiedades de transporte de agua; Roca ornamental; Rocas sedimentarias
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1. INTRODUCTION

Permeability measures the material’s ability to
transmit fluids and can be termed in different ways
depending on the field. Permeability, coefficient
of permeability or intrinsic permeability depends
only on the pore structure of the material, it is
independent of fluid properties and it is based in
the Darcy’s equation. Permeablhty has units with
dimensions of area (m?). A practical unit for per-
meability is the darcy (D) or more commonly the
millidarcy (mD) (1D ~10""m?). Hydraulic conduc-
tivity is usually referred to permeability or coeffi-
cient of permeability and it is related to intrinsic
permeability (pore structure) and to the proper-
ties of the fluid (dynamic viscosity of the fluid
and specific gravity of the fluid). Hydraulic con-
ductivity has units with dimensions of length per
time or speed (e.g., m/s, cm/day or ft/daS) Thus,
for pure water at 20 °C, 1D ~10""m* ~10~ m/s. In
this paper, we use the term water permeability for
both intrinsic permeability and hydraulic conduc-
tivity, so that, a special attention to permeability
units should be given in order to understand what
parameter is mentioned.

Saturated water permeability of construction
and building materials, including stone, concrete
and bricks, is seldom the dominant transport mech-
anism in real situations. Real mass transfer takes
place by two-phase flow in which the vapour compo-
nent is dominant. Nevertheless, there are particular
cases where water permeability is the predominant
transport mechanism. For instance, stagnant water
due to rains may affect ancient and modern build-
ings and monuments such as fountains, terraces and
basements (1, 2). Other examples can be found in
subsurface quarries of building stones (3) or ancient
hydraulic constructions, such as bridges, aqueducts,
dams or canals (4-6).

Saturated permeability has been of great
interest since it quantifies the connectivity of the
pore structure and assesses the durability of con-
struction and building material. The influence of
pore structure and water transfer on durability can
greatly vary depending on the nature of the build-
ing rock. Thus, porous materials with low porosity
values (<10%) have low water transfer coefficients,
and are also more durable than highly porous
rocks. For example, dense oolitic and microcrys-
talline limestones, granites or marbles present
low porosity and permeability, and have excellent
durability properties (7). However, porous stones
with effective porosity values higher than 10%,
small pores and low water transport coefficient
values, indicate a high susceptibility to salt weath-
ering decay (8, 9). It is generally accepted that
crystallization of salts and ice is a major deterio-
ration mechanism in porous building stones. The

effectiveness of crystallization stress generated by
salt and ice growth may be considered for the pore
throat size interval between 0.1 and 10 um. Thus,
large pores do not contribute significantly to salt
and ice weathering since they consume the high
supersaturations caused by the growth of large
crystals and, therefore, do not produce sufficient
stress to damage these building stones (9). This
effect explains why built heritage stones with large
pores, as some travertines or tufas and lumachellas
are more resistant to salt and ice deterioration and
present higher permeability values than porous
stones with thin pores as some sandstones, dolos-
tones or calcarenites.

Furthermore, air surface permeability has been
used to estimate salt deterioration in both lab and
monuments studies (10, 11). The variation of sur-
face permeability is then related not only to the pres-
ence of moisture or salts, but also to pore structure
variation by different decay mechanisms.

Most common existing standard tests to measure
water permeability can be divided into two different
groups, depending on the head loss or inflow pres-
sure variation/constancy. Constant head methods
maintain constant the hydraulic pressure or head
whereas inflow pressure decreases due to variation
of water column in falling head methods.

There is a lack of water permeability standard
tests of building stones. Most standard tests of
rock permeability use flowing air instead of water
(for instance, ASTM D4525-90 (12)). Water per-
meability standard tests were found for soil issues,
such as ASTM D6035-02 (13), ASTM D6527-00
(14) and UNE 103403 (15), or concrete and mor-
tars, including UNE 83310 (16) and RILEM 1980
(17). Otherwise, some standard tests (for instance,
ASTM 5856-95 (18)) can request a constant rate of
flow, so that head loss across the sample has to be
measured.

The aim of this paper is to compare different
experimental methods for measuring water per-
meability of porous building rocks. Laboratory
methods are based and adapted from standard
tests used in cementitious materials and soil sci-
ences. For this purpose, both commercial appa-
ratus and specially made designed permeameters
are used for characterlzmg stone permeablhty in
the range of ~107°-10* m/s; ~107"°-10""" m* or

~10*-10* mD.

Finally, some modifications of the apparatus
and procedures are carried out in order to assess
water permeability in soft materials, such as soft
rocks, ancient and repair mortars, etc. The inter-
est of measuring water permeability in this kind
of porous rocks is increasing in the field of built
heritage, where stones may be weathered; CO,
storage, etc. Soft materials may be altered in con-
tact with water, compromising sample preparation
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and permeability testing. Thus, if sample loses
material, it can damage the permeameter and/
or produce inaccurate measurements. Researches
tend to characterise the permeability using gas
permeameters, which are usually more expensive.
Nevertheless, real water flow value is sometimes
required.

2. EXPERIMENTAL PROCEDURES
2.1. Materials

In this study, 17 samples of porous stones
have been chosen for their different petrophys-
ical and petrographic characteristics (Figure 1).
These stones are used as building materials or
found in the Spanish built heritage. The stones
tested correspond to four groups of sedimentary
rocks: biocalcarenites (C), travertines (T), allochem
limestones (L) and silica-cemented sandstones (S).
Next, a brief description of the different groups is
shown:

The studied biocalcarenites are carbonate
sandstones with calcite cement, variable amount
of terrigenous components and fossils (mainly
foraminifera) and interparticle porosity. C1 is a
variety of the Piedra de Ubeda (19), which con-
tains foramanifera and bivalve fragments and
quartz, feldspar and dolostone grains. The inter-
particle porosity is relatively well cemented by
rim and blocky calcitic cements. C2, C3 and C4
are four varieties of the Piedra Bateig calcarenite.
These are well-sorted biocalcarenites and contain
foraminifera and quartz, feldspar, mica and dolo-
mite grains (20-22). C5 shows bioclasts larger
than the rest of the studied biocalcarenites and
is constituted by bryozoans, red algae, molluscs
and echinoderms. Other detrital components are
quartz, dolostones and feldspars (20). C6 is com-
posed by foraminifera, quartz, feldspars and mica
grains (20).

The studied travertines are quarried in Albox
(Almeria province, SE of Spain) and are commer-
cialised as Travertino Oro or Yellow Gold Travertine.
Currently, this yellowish-brown travertine is mainly
used as cladding and paving. The studied traver-
tines present different structural (mesofeatures)
and textural (microfeatures) characteristics (23).
T7 presents a banded-massive structure with low
porosity values (mainly intercrystalline porosity).
T8 shows a porous banded structure with fenestral
and vug macroporosity, which provide a structural
anisotropy. T8 also has interparticle and intercrys-
talline porosity. Permeability measurements were
carried out in the perpendicular direction to the
bedding. T9 presents a banded-massive structure
with low porosity values (mainly intercrystalline
porosity). T9 shows some separated fenestral and

FIGURE 1. Image of the studied samples. C: biocalcarenites. T:
travertines. L: allochem limestones. S: silica cement sandstones.

vug macroporosity, so these macropores are inter-
connected only through intercrystalline porosity.
Permeability measurements were carried out in the
parallel direction to the bedding.

Allochem limestones show a wide range in
the size and type of allochems. These limestones
mainly have interparticle porosity. L10 and L11
are detrital limestones (biorrudites) composed of
large allochem grains (mainly bivalves, bryozoans
and red algae) (20). L12 is an oolitic limestone
(oosparite) where oolites are densely packed and
poor sorted (24). L13 is a limestone with foramin-
ifera and micrite and contains some iron oxides
and lime clasts. L14 is a biomicrite composed of
oriented fragments of fossils (mainly ostracods and
molluscs), which consequently, provide a struc-
tural anisotropy to the rock. Permeability mea-
surements were carried out in the perpendicular
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direction to the bedding (25). L15 is a well-sorted
sandstone consisting of mainly dolomite and cal-
cite grains. The ortochem is mesocrystalline calcite
cement (8).

Quartz-rich sandstones are well-sorted sand-
stones and cemented by secondary (authigenic)
quartz. S16 is mainly composed of monocrys-
talline quartz grains (20). S17 is a fine-grained
arkose constituted by quartz, feldspars (potassium-
feldspar and plagioclases) and chert. Accessory
minerals, such as muscovite and tourmaline, can be
also observed.

2.2. Effective porosity

Effective porosity, @, defined as the ratio of the
volume of connected voids to total stone volume
and expressed as a percentage, was performed
applying vacuum saturation porosity test on cylin-
drical samples in the form of 3 cm in diameter and
6 cm in height.

Dried samples were weighed and placed in a
vacuum chamber at 2017 mbar pressure con-
trolled by a vacuum manometer. Three 24-hour
cycles were carried out for each. Firstly, any
trapped air was eliminated from the porous sys-
tems. Secondly, distilled water was slowly intro-
duced until the samples were completely covered.
Thirdly, atmospheric pressure was re-established
in order to avoid porous system dilatation. Then
the saturated and immersed weight of each sample
was recorded.

2.3. Permeability methods

Permeability measurements were performed in the
same cylindrical samples as those performed in the
effective porosity test. Permeability was measured
on water saturated samples. Thus, after effective
porosity characterisation, vacuum saturated sam-
ples were then tested. Finally, some non-saturated
samples were saturated during the inflow of water
and permeability was calculated when steady-state
was reached (water flow rate at inflow equals to
water outflow rate). In this paper, we use three con-
stant head methods (triaxial test, modified triaxial
test and classical constant head permeameter) and
two failing head methods. Four measurements were
performed in each sample. The maximum duration
of each experiment was 24 hours in order to assess
what method was more adequate for relatively fast
permeability characterisations.

2.4. Triaxial method

Permeability tests were carried out in a triaxial
device (Figure 2) with an automatic pressure system
using the steady-state method. Pressure and vol-
ume changes were regulated by a pressure/volume

FIGURE 2. Triaxial method. Schematic diagram of triaxial cell.
(A). Triaxial method apparatus. (B). Pressure maintainers. P1:
Confining pressure. P2: Inflow pressure. P3: Outflow pressure.

In the TM, outflow pressure is fixed in the end caps and outflow

water circulates from equipment. MTM procedure uses the
atmospheric pressure as outflow pressure. (C). Triaxial Cell:
1. Movable top-end plate. 2. Rubber joint. 3. Inflow-Outflow
pressure entrance. 4. Steel body. 5. Open/close valve.
6. Confining pressure entrance. 7. Nitrile rubber sleeve.
8. Sample. (D). Triaxial cell pieces.

controller, with an accuracy of 0.1% for pressure
measurements and 0.5% over 100 cm® for vol-
ume changes. Volume changes and confining and

Materiales de Construccion 64 (315), July-September 2014, e028. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2014.06213


http://dx.doi.org/10.3989/mc.2014.06213

A comparison of experimental methods for measuring water permeability of porous building rocks * 5

differential pressures were defined and controlled
using the Mecasoft code (see details in (8)).

In the triaxial method, water flows through a
confined sample from driven, entrance or inflow
pressure, P, to exit or outflow pressure, P,. Two
variations of the triaxial method were performed
modifying the outflow pressure, which were termed
as TM (triaxial method) and MTM (modified tri-
axial method). In the TM, outflow pressure is fixed
in the end caps and outflow water circulates from
equipment. MTM procedure uses the atmospheric
pressure as outflow pressure, so that water does not
remain in the permeameter. The latter can be ade-
quate for testing soft material, in which loss material
can be probable.

The confining, inflow and outflow pressures in
the TM were respectively of 13 bar, 7 and 3 bars.
These experimental conditions were used for all the
tested samples. However, in the MTM, the inflow
pressure was adjustable to each porous stone in
order to reach reproducible results. The confining
pressure was 13 bars whereas the outflow pressure
was the atmospheric pressure.

In general, low permeable rocks request higher
inflow pressure. Thus, an inflow pressure of 10 bar
was used for testing C1, L12, L13 and L17 samples;
P,=7 bars for testing C2, C3, C4, C5, C6 and L16
samples; and P,=5 bars for T7, T8, T9 and L14 sam-
ples. The confining pressure (1.3 MPa) was lower
than the unconfined compressive strength, which
ranges between 10-70 MPa for the studied samples
(19-25). This value of confining pressure does not
modify the pore structure of rocks, and conse-
quently, neither the rock permeability, as well as it
does not create mechanical damage on the tested
rock.

Samples were placed in a nitrile rubber sleeve,
to which the confining pressure is applied. Thus,
samples were not laterally sealed with PTFE and/
or with a shrinkable sleeve, as they were performed
at constant and falling head permeability methods.

Water permeability (intrinsic permeability),
k (m?), was determined according to Darcy’s
Equation [1] when the steady-state flow was attained:

kz*ﬁﬁ [1]

where 1 is the water viscosity kg/(ms), Q (m /s)
is the volumetric flow-rate of water, L (m) is the
length of the sample, A (m?) is the cross-sectional
area of the sample perpendicular to the direc-
tion of flow and AP =P1-P0 (Pa) is the pressure
gradient.

A laminar (steady-state) flow rate with a constant
pressure is achieved when the X-Y plot is a straight
line. This equipment provides very accurate perme-
ability measurements from values ~107"'-107> m/s
or ~107"*-107"

2.5. Constant head method

The apparatus (Figure 3) consisted of a tank
with overflow that kept the water level constant dur-
ing the whole test. This tank was fed by a water tap.
The entire assembly was attached to the wall. The
sample was placed below the tank connected by a
PVC tube using a PVC cap. This connection mecha-
nism and the method of preparing the sample were
similar to that used in the falling head permeameter
(8 tubes permeameter). To let the water exit from the
permeameter and pass through the sample there was
a two-arm valve: one of the arms was used to purge
the air before beginning the test and the other was
used to fit the sample.

The sample was sealed, as described in the fall-
ing head method, covering its lateral surface with a
single length of PTFE first. Over the sample, it was
placed a heat shrinkable sleeve that is shrank with
hot air to minimize its diameter. The neck of the
prepared sample was narrower than the body so the
sample fitted the PVC cap perfectly.

The water permeability or hydraulic conductivity,
k (m/s), of the sample is determined from Eq. [2]:

L 2]

AAht

where ¥ (m’) is the volume of water accumulated

in the container during a time (t) interval (s), L is

the length of the sample (m) A is the cross sec-

tional area of the sample (m ) and 44 is the height

between the level of water in the tank and the sam-

ple (m), that means the height of the water column
above the sample.

2.6. Falling head method

In the present study, two variations of falling
head methods have been tested. The first method
comprised a panel of 8 tubes (Figure 4), typically
used in commercial soil testing (for example, com-
bination permeameter). Therefore, in this method,
multiple samples can be tested simultaneously. The
second method (Figure 5) consisted of a single grad-
uated cylinder to test one specimen.

The multiple tubes permeameter had 8 crystal
tubes of 100 cm height and 9 mm diameter attached
for wall mounting. The standpipe was connected by
a two arm valve (as described for the constant head
permeameter): one of the arms was used to purge
the air before beginning the test and the other was
used to fit the sample using a rubber cap that fitted
the sample perfectly. Each tube had its own stand-
pipe connector in order to control the flow individ-
ually. On the floor, beneath the permeameter, there
was a container to collect the water that had passed
through the sample. It is possible to test 8 samples
at the same time but it is strongly recommended
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FIGURE 3. Constant head permeameter: (A). Constant head apparatus. (B). Schematic diagram: 1. Tank with over flow. 2. Inflow
water. 3. Outflow water. 4. Water exit to the sample. 5. Valve to fit the sample. 6. Valve to purge the sample. 7. Sample. (C). Sample
preparation: 1. PVC connection cup. 2. PVC screw fitting. 3. Heat shrinkable sleeve. 4. Adjusting flange. 5. PTFE. 6. Sample.

(A

FIGURE 4. Falling head permeameter (8 tubes). (A). Falling head apparatus (8 tubes). (B). Schematic diagram: 1. Crystal tube.
2. Valve to fit the sample. 3. Valve to purge the sample. 4. Sample. (C). Sample preparation: 1. PVC connection cup.
2. PVC screw fitting. 3. Heat shrinkable sleeve. 4. Adjusting flange. 5. PTFE. 6. Sample.

that the testing of each sample is separated by 2
minutes from the beginning of the previous test.
To start the test, the tube was filled with water and
air was removed from the column by the standpipe.
Once the air had been removed and the water level
remained stable the height of water corresponded
to time 0 and the experiment could start. The dif-
ferent heights of water are recorded per unit time.
The second method (single graduated cylinder) had
a specially made design and consisted of a graduated
cylinder thread connected to a PVC cell. This method
aims to show a cost-effective solution suited to inves-
tigating rock with medium-high permeability values.

The method is easy to perform and adapt to different
sample dimensions, and also it is inexpensive, versa-
tile and portable. The used graduated cylinder was
in the form of 27 mm diameter and 235 mm height.
The base of the graduated cylinder was removed and
adapted in order to thread it to the PVC cell via a
screw fitting. Several rubber joints were used to adapt
the height sample to the PVC cell. Both, PVC cell and
the screw are typical DIY pieces. In the bottom there
was a fitting container to collect the water that flew
through the pores of the sample. To obtain water per-
meability, the tube was filled by water and different
heights of water were recorded per unit time.
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I

FIGURE 5.
cylinder). (A). Falling head apparatus. (B). Schematic diagram: 1.
Graduated cylinder. 2. PVC screw fitting. 3. PVC cell to house the

sample. 4. Rubber joint. 5. PTFE. 6. Sample. 7. End piece to fit
the PVC cell into the container. 8. Container to collect the water.

Falling head permeameter (Single graduated

In both methods, samples were laterally sealed
with PTFE and a heat shrinkable sleeve using the
same methodology performed in the constant head
method.

Water permeability or hydraulic conductivity,
k (m/s), of the sample is calculated using the fol-
lowing equation [3]:

k:ﬂln(@) i3]
A\ n

Where a is the cross sectional area of the pipe
(m?), L is the length of the sample (m), A is the cross
sectional area of the sample (m”), and ¢ is the time
(s) taken for head fall from initial head /4, to final
head 4 (m).

3. RESULTS AND DISCUSSION

Table 1 shows the wide permeability values
of tested rocks obtained with the different water
permeabilit ty methods. These values range from
10" to 10" m/s (~107°-10""" m* or ~10™*-10* mD).

The Holting classification for the permeability (26)
classifies stones into 4 _groups: very low permeable
with a k value under 10~ m/s; low permeable for 107
<k<10"* m/s; permeable for 107*<k<10"° m/s and
high permeable for values of k higher than 10™* m/s.

Considering results from the TM, eight varieties
of the studied building stones (C1, C2, C4, Co, T7,
T8, T9, L12) are classified as very low permeabil-
ity rocks, other six (C3, C5, L12, L14, S16, S17) are
low permeable and the last three (L10, L11, L15) are
permeable.

For very low permeable samples, in general,
water permeability values obtained with TM pres-
ent similar or slightly higher values than those
MTM and similar or slightly lower than falling head
method. However, we did not acquire reproducible
values using the constant head method for 24 hours
of testing. This could be improved by increasing the
height of the water column and/or the test duration.
Figure 6 displays different abacuses that were plot-
ted by applying Eq. [3]. These abacuses show differ-
ent experimental parameters (height and diameter
of the water column, testing time and size sample)
that can be modified to reach the given perme-
ability value. Thus, permeable materials should be
characterised using wide samples and/or water col-
umns. The ratio length/diameter of sample, which is
reflected on the Eq. [3], is also important for opti-
mizing testing times. Wide samples (high values
of height) contribute to obtain accurate values of
permeability, although the testing times tend to be
considerably increased. Wide samples therefore are
more appropriated to characterise permeable mate-
rials whereas thin samples (low values of height) are
suitable to measure permeability in low permeable
materials.

For low permeability samples (10 °<k<10"* m/s),
in general, water permeability values obtained with
TM and MTM methods present similar values and
they are slightly higher values than those obtained
from constant and falling head methods. Most
samples can be tested using all the studied methods.
Samples C5, L13 and S17 showed the most dis-
persed results between the different tested methods.

The permeable building rocks (L9, L10 and L15)
showed comparable values in the tested permeabil-
ity methods. For this kind of permeable materials,
MTM method cannot be used, and therefore recom-
mended, since equipment cannot reach the inflow
pressure due to the fast water flow through the
porous rock. This problem is also found for the TM
in high permeable materials, so that, both constant
and falling head methods are highly recommended
for permeable and high permeable porous building
materials.

The two variations of falling head methods stud-
ied in this paper provide, in general, comparable val-
ues. However, the measurement of the water height
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TABLE 1.

Effective porosity, O,,, and water permeability obtained using different methods: triaxial (TM), modified triaxial

(MTM), constant head and falling head. (-) Non-reproducible values using the experimental conditions of this study. Samples are
classified (Holting classification) into 3 groups considering results from de TM

Water permeability or hydraulic

Water permeability or intrinsic

Effective conductivity, k (m/s) permeability, k (m?) Hélting
porosity, Constant  Falling Constant  Falling Permeability
Sample p (%) ™ MTM Head Head ™ MTM Head Head Classification
Cl 3.87  2.10E-11 5.20E-10 - 6.20E-10 2.10E-18 5.20E-17 - 6.20E-17
T7 7.04 1.00E-10 1.40E-10 - 2.30E-09 1.00E-17 1.40E-17 - 2.30E-16
T8 12.54 1.00E-10 6.30E-12 - 6.00E-10 1.00E-17 6.30E-19 - 6.00E-17
C4 16.70  1.06E-10 1.20E-09 - 3.09E-10 1.06E-17 1.20E-16 - 3.09E-17 Very low
LI2 8.62  5.10E-10 7.00E-10 - 2.10E-09 5.10E-17 7.00E-17 - 2.10E-16 Permeable
T9 8.46  9.00E-10 6.00E-10 - 1.00E-09 9.00E-17 6.00E-17 - 1.00E-16
C2 20.61 2.26E-09 1.60E-09 - 6.90E-09 2.26E-16 1.60E-16 - 6.90E-16
Co6 26.71 8.39E-09 2.47E-08 - 5.10E-09 8.39E-16 2.47E-15 - 5.10E-16
L14 11.99 1.09E-08 1.77E-08 - 1.09E-08 1.09E-15 1.77E-15 - 1.09E-15
S16 13.10  2.02E-08 3.30E-08 - 2.70E-09 2.02E-15 3.30E-15 - 2.70E-16
C3 22.02  6.27E-08 5.33E-08 1.06E-08 1.41E-08 6.27E-15 5.33E-15 1.06E-15 141E-15
Low permeable
L13 22.05  8.32E-08 5.38E-08 8.70E-09 2.47E-08 8.32E-15 5.38E-15 8.70E-16 2.47E-15
S17 16.05  1.05E-07 3.60E-08 9.90E-09 145E-08 1.05E-14 3.60E-15 9.90E-16 1.45E-15
C5 23.56 1.06E-07 2.55E-08 - 4.50E-09 1.06E-14 2.55E-15 - 4.50E-16
L15 18.87  2.28E-06 - 1.35E-07 8.80E-07 2.28E-13 - 1.35E-14  8.80E-14
L10 20.35  2.93E-06 - 2.75E-06  7.72E-06 2.93E-13 - 2.75E-13  7.72E-13 Permeable
LIl 19.01 1.25E-05 - 6.36E-06 1.09E-05 1.25E-12 - 6.36E-13  1.09E-12
—— d=3cm, L=6cm, 24h, d_=0.9cm reason, Table 1 only lists the values acquired with
164 5 ——— d=3cm, L=6cm, 1 week, d_=0.9cm the falling head-8 tubes method. Table 2 summa-
........ d=3cm, L=1.5cm, 24h, d_=0.9cm rizes the appropriate water permeability ranges for
1654 - d=6cm, L=1cm, 24h, d_=0.9cm the tested permeability methods.
_________ d=3cm, L=6cm, 24h, d_=3cm The classical permeability — porosity relationship
g 1E6 based in L}lcig’s classificat_ion 1s showed in_ Figure
z 7 (see details in (27)). Lucia developed an interest-
T ing classification for carbonate sedimentary rocks
3 to understand the influence of each type of porosity
§ 1E8 on permeability. The permeability of rocks is only
2 related to its porosity when they have similar type
B 19 of pores and similar pore size. Figure 7 displays the
B Holting classification and a modified Lucia’s plot,
1E-10 which defines permeability fields of rocks with visi-

1E-11 ==

h,-h (m)

FIGURE 6. Hydraulic conductivity abacuses for the falling head
method. Experimental parameters: height and diameter, d;, of
the water column, testing time and size (diameter,

d, and length, L) of the sample for the height variation
from initial head, hO, to final head, h.

variation in the graduated cylinder is not as satis-
factory as in the falling head-8 tubes method, and
therefore, does not provide accurate results. For that

ble interparticle pores at hand specimen. Thus, build-
ing rocks with large interparticle pores (pores visible
at first glance) and high values of effective porosity
present high water permeability values. The studied
travertine samples present separated and touching
vugs. Thus, on the one hand, T8 presents separated
vugs that contribute to porosity but not to water per-
meability. On the other hand, T9 has both separated
and touching vugs, and therefore shows a water per-
meability value higher than the other travertines.
Encouraging results were obtained using non-
saturated samples. The MTM was used for several
very low permeable and low permeable samples
whereas the falling head method was applied to
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TABLE 2. Ranges of water permeability for each tested method.

Test method Hydraulic conductivity (m/s) Intrinsic permeability (m’)
Triaxial 10" <k<107 10"*<k<107"
Modified triaxial method 107<k<10" 107'°<k<10""
Constant head permeameter k>5.10"° k>5.10"
Falling head permeameter 107'%<k<107° 1""7<k<10™"
1E-3 3 . = 1E-10
] macroporosity F
1E-4 4 = 1E-11
] L11 -
1E'5=. L4 =—1E'12
7 3 110~
E ] REL D O F
—~ 1E-6 4 microporosity | 1E-13 =
= ' 3 o
> 1 F =
5 1E-7] M3 0cs o b1E1a S
5 E S1 7 8 3 T
2 ] “este O3 7 F 3
= ] e C =
3 1E-94 ey c2 [ 1E-16 =
g . o L12 3
z ] T7 .. C4 F =
1E-10 4 . ° L 1E-17
1 e c1 non-visible and
1E-11 4 . separate-vug porosity [ 1E-18
1E-12 ] — : : —+ 1E-19
0.1
Porosity (-)
FIGURE 7. Permeability — porosity relationship based in the Lucia’s classification of the studied

porous building rocks. Horizontal divisions correspond to Holting classification.

several low permeable and permeable samples.
Water permeability values obtained using MTM
method of the samples C2, C3, C4 CS5and Q7 were,
respectively, 1.57- 107,5.52:10°%,7.10-107'%, 9.43-10°
and 1.73-107° m/s; ‘whereas usmg falhng head
method characterisation of the samples C3¢ Q7,
L9 and LlO were 3.49-107%, 3.70-10™%, 4.68-107, and
3.74:107° m/s. Consequently, for low permeable and
permeable samples, satisfactory water permeability
values can be obtained in non-saturated samples
when steady-state is reached. Moreover, from the
practical point of view, the permeameter cell of the
falling head method can test samples with different
sizes and forms, such as prismatic forms (28). These
qualities suggest confidence to the falling head
method as the most appropriated test for characte-
rizing soft samples.

4. CONCLUSIONS

In this paper, different laboratory methods have
been employed and adapted from standard tests
used in cementitious materials and soil sciences

field. Seventeen porous rocks have been chosen for
their different petrophysical and petrographic char-
acteristics, which are used as building materials or
found in the Spanish built heritage. The charac-
terisation of rock permeability and hydraulic con—
duct1v1ty, k, was carrled out in the range of 107

107 m/s (~ 1079210 m? or ~10-10* mD).

Table 2 summarizes the water permeability
ranges most appropriated for each tested perme-
ability method. Thus, for very low (k<10 m/s)
and low permeable samples (107°<k<10" m/s), tri-
axial methods were found the most accurate pro-
cedures and they provided similar or slightly lower
permeability values than falling and head methods.
On the other, both constant and falling head
methods are highly recommended for permeable
(107*<k<10"° m/s) and high permeable (k>10"* m/s)
porous building materials.

The maximum duration of each experiment was
24 hours in order to assess what method was more
adequate for relatively fast permeability characteri-
sations. In order to achieve the most appropriated
combination of experimental parameters for a given
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rock permeability, different abacuses were plotted,
in which height and diameter of the water column,
testing time and sample size can be changed.

A modified Lucia’s plot defined permeability
fields of rocks with visible interparticle pores at
hand specimen. Rock specimens with large inter-
particle pores (pores visible at first glance) and high
values of effective porosity present high water per-
meability values. In particular, travertine T8 shows
separated vugs that contribute to porosity but not to
water permeability whereas T9 has both separated
and touching vugs, and therefore shows a water per-
meability value higher than the other travertines.

Finally, some modifications of the apparatus and
procedures were carried out using non-saturated
samples in order to assess water permeability in
soft materials, such as soft rocks, ancient and repair
mortars. The modified triaxial method was found to
be the most appropiated procedure for several very
low permeable and low permeable samples, whereas
falling head method for several low permeable and
permeable samples.
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