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228 Geotechnical Laboratory Measurements for Engineers

    Numerous measurement techniques exist for determining hydraulic conductivity. The 
method most applicable to a problem depends on the soil type and purpose. Some of 
those techniques are applied in the fi eld, and are beyond the scope of this textbook. 
The laboratory methods are variations on fl uid boundary conditions. The most com-
mon methods involving fl owing water through the material include constant head, fall-
ing head, constant fl ow, constant volume-falling head, and constant volume-constant 
head. Two other methods are the determination of hydraulic conductivity during the 
oedometer consolidation test and during the CRS consolidation test. Two of the labora-
tory methods, the constant head test and the falling head test, are most applicable for 
coarse - grained soils and those procedures are described in this chapter. Methods for 
fi ne - grained soils are addressed in ASTM D5084 Hydraulic Conductivity of Saturated 
Porous Materials Using a Flexible Wall Permeameter. 

 An important practical detail is the selection of the container for the specimen, 
termed the  “ permeameter. ”  The two basic types of containment are the rigid - walled 
mold and the fl exible - walled mold. The rigid mold is much simpler to use but does not 
allow for expansion or contraction of the specimen during the test. Coarse - grained soils 
will not change volume during the test and are most commonly tested using a rigid -
 mold permeameter. Flexible - mold permeameters are normally used with fi ne - grained 
soils. They require explicit control of the stress state. 

 The diameter of the mold must be bigger than the largest particle in the specimen 
by a certain multiple. ASTM D2434 requires that the diameter of the mold must be at 
least eight to twelve times the diameter of the largest particle. The use of smaller diam-
eter molds will limit the fl ow paths available. 

 Either the head drop across a specimen can be measured by the use of manometers 
installed on the permeameter, or the head can be determined by the difference in eleva-
tion head between the headwater and the tailwater. In the latter method, head losses 
within the equipment must be accounted for by calibration. 

 The hydraulic conductivity is typically reported at 20 o C. To correct the experimen-
tally determined hydraulic conductivity at test temperature to the value at 20 o C, the 
relationship in Equation  13.14  is used:
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 (13.14 )

 Where: 
   k  20  

o   C   ! hydraulic conductivity at 20 o C (m/s)  
   k T   ! hydraulic conductivity at test temperature (m/s)  

Figure 13.2 Typical equipment 
setup to measure hydraulic 
conductivity of coarse-grained 
materials using a rigid wall cell.

Experimental Methods
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Conductividad hidráulica (") y 
permeabilidad intrínseca ($)

• Conductividad hidráulica (!)
– unidades: m/seg
– dependiente del fluido permeante

• Permeabilidad intrínseca (")
– unidades: m2

– dependiente del medio poroso

Ambos conceptos se relacionan entre sí
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Conductividad hidráulica ("): factores 
que afectan su valor

• Naturaleza físico-química del fluido
– viscosidad $
– densidad )
– concentración iónica 56
– valencia de la especie iónica 7
– permitividad real 8´
– temperatura :

• Propiedades del medio poroso
– porosidad o relación de vacíos ; = <

=><
– tortuosidad T
– superficie específica @A
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Rev. Int. de Desastres Naturales, Accidentes e Infraestructura Civil. Vol. 11(1) 167 

INTERACCIÓN FLUIDO - PARTÍCULA 

Ninguno de los modelos de predicción de la permeabilidad intrínseca tiene en cuenta los efectos de interacción 
fluido - partícula. En los suelos granulares estas interacciones resultan despreciables; mientras que en los suelos 
arcillosos con alta superficie especifica ocurre lo contrario ya que el efecto de las fuerzas eléctricas de superficie 
prevalecen respecto de las másicas. 

Las caras de las partículas de arcilla contienen cargas negativas, las cuales se encuentran compensadas por cargas 
positivas de cationes adyacentes, de manera tal que el sistema resulte eléctricamente neutro. En ausencia de agua los 
cationes pueden encontrarse adsorbidos en la superficie de la partícula o bien como sales precipitadas. Cuando la arcilla 
entra en contacto con el agua, las sales precipitadas se disuelven y los cationes y aniones hidratados se ordenan en el 
espacio entre partículas resultando en mayores concentraciones de cationes cerca de la superficie sólida debido a la 
electronegatividad de la superficie de las mismas. Esta interacción eléctrica se opone al mecanismo de difusión de iones 
en distancias próximas a las partículas.  

La superficie cargada y la distribución de cargas en la zona adyacente se denomina doble capa difusa (Mitchell y 
Soga, 2005). Si bien la doble capa se forma tanto en la superficie de las partículas gruesas como las finas, su espesor 
relativo es significativamente menor en el caso de las primeras. 

El espesor de la doble capa (ϑ ) puede obtenerse a partir de la siguiente expresión: 

 
2

0
2

0 '

F2 zc
TR κεϑ =       (5) 

En donde c0 es la concentración de la solución en el campo lejano, R = 8.314 J/(K mol) es la constante universal de 
los gases, T es la temperatura absoluta ε0 = 8.85 x 10-12 F/m es la permitividad del vacío, κ’ es la permitividad real 
relativa del fluido, F = 9.6485 x 104 C/mol es la constante de Faraday y z es la valencia de la especie iónica presente en 
los poros del suelo. 

FACTORES QUE AFECTAN LA PERMEABILIDAD 

Tanto la conductividad hidráulica como la permeabilidad de los suelos se encuentran afectadas por muchos factores. 
A estos factores se los puede agrupar en tres grandes grupos: factores relativos a las técnicas y equipos empleados en la 
medición, propiedades físico químicas del fluido permeante y propiedades del medio poroso. 

Dentro del primer grupo se pueden identificar el tipo de permeámetro, el gradiente hidráulico, el tiempo de contacto 
previo de la muestra de suelo con el fluido utilizado como factores que afectan la conductividad hidráulica medida, en 
tanto que dentro del segundo grupo se puede mencionar la viscosidad y densidad del fluido, la concentración de 
electrolitos y el pH del permeante, por último en el tercer grupo se puede mencionar la porosidad de la muestra como el 
factor más importante. 

En las Tablas 1 y 2 se muestra un resumen del análisis de la literatura disponible del efecto de los factores más 
importantes en el valor de la permeabilidad intrínseca y conductividad hidráulica de los suelos, respectivamente. Por 
conveniencia se han considerado por separado los factores que afectan la determinación de la conductividad hidráulica 
de los que afectan a la permeabilidad debido a que como hemos referido anteriormente en este trabajo esta última no 
depende de las características físicas del fluido permeante. 

La viscosidad del fluido es un factor importante en la determinación de la conductividad hidráulica de los suelos ya 
que este parámetro es un indicador de la resistencia que posee el fluido a desplazarse dentro de los poros. Es de esperar 
que al aumentar la viscosidad disminuya la conductividad hidráulica, sin embargo hay tendencias contrarias reportadas 
en la literatura. Gnanapragasam et al. (1995) comparó conductividades hidráulicas de muestras de bentonita 
determinadas con agua y anilina, la viscosidad relativa entre anilina y agua es de 4313, con lo que se esperaba una 
disminución de al menos tres órdenes de magnitud en la conductividad con el fluido orgánico. Sin embargo, las 
mediciones arrojaron una conductividad cuatro órdenes de magnitud mayor respecto a la determinada con agua. 

Por otro lado Jarsjö et al. (1997) realizó mediciones en diferentes tipos de suelos utilizando querosenes de diferentes 
viscosidades. Estos autores reportaron una disminución de la conductividad hidráulica con el aumento de viscosidad. 

Espesor de doble 
capa difusa (DDL)

↑ C → ↓ 8

↑ T , ↑ SF , ↓ ; → ↓ 8
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Conductividad hidráulica ("): valores de 
referencia
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Manual EPRI (Terzaghi & Peck, 1967)

BS 8004:1986 Code of practice for Foundations (valores en m/seg)

¿Qué valor de ! le 
asignamos a estos 

suelos?

5
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A. Hazen (1911) 

C=0.004 – 0.012

Ej 1 Ej 2

Ej 3



Conductividad hidráulica ("): régimen 
de flujo

• Velocidades pequeñas, flujo laminar L< < 2100
• Incompresibilidad del fluido
• Para flujo laminar es válida la ecuación de Bernoulli 
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6 Zonas de flujo laminar y turbulento (Taylor, 1948)

ℎ = 7 +
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Permeámetro en carga constante

• Ver video: 
https://www.youtube.com/watch?v=Eur_qpTKzrA

• ¿Dónde se miden las variables para 
calcular 8 ?

• ¿Es posible cualquier
flujo ascendente?

• ¿Dónde ensayo un
suelo SP y un GP?

• ¿Puedo ensayar
un suelo CH en
este permeámetro? 
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https://www.youtube.com/watch?v=Eur_qpTKzrA


Permeámetro en carga variable

• Ver video: 
https://www.youtube.com/watch?v=h
yhVZd0Femw

• ¿Dónde se miden las 
variables para calcular 8 ?

• ¿Puedo ensayar un
suelo SP en este
permeámetro ?
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Permeámetros de pared flexible: uso de 
equipo triaxial

• Más representativo de la muestra
• Mejor medición al contar con pared 

flexible (membrana)
• Se puede efectuar a carga constante o 

variable
• Dimensiones mínimas: 25mm x 25mm
• Apto para muestras con 8 < 10WX −
10WZK/,.&

La
b 

02
 -

pr
op

ie
da

de
s 

hi
dr

áu
lic

as

NOTE 10—The B coefficient is defined for this type of test as the change
in pore-water pressure in the porous material divided by the change in
confining pressure. Compressible materials that are fully saturated with
water will have a B value of 1.0. Relatively incompressible, saturated
materials have B values that are somewhat less than 1.0 (10).

9.3.4.2 Saturation of the test specimen may be confirmed at
the completion of the test by calculation of the final degree of
saturation. The final degree of saturation shall be 100 6 5 %.
However, measurement of the B coefficient as described in
9.3.4.1 or use of some other technique (9.3.4.3) is strongly
recommended because it is much better to confirm saturation
prior to permeation than to wait until after the test to determine
if the test was valid.
9.3.4.3 Other means for verifying saturation, such as ob-

serving the flow of water into the specimen when the back
pressure is increased, can be used for verifying saturation
provided data are available for similar materials to establish
that the procedure used confirms saturation as required in
9.3.4.1 or 9.3.4.2.
9.4 Consolidation—The specimen shall be consolidated to

the effective stress specified by the requester. Consolidation
shall be accomplished in stages, with the increase in cell
pressure minus back pressure (effective stress) in each new
stage equal to or less than the effective stress in the previous
stage i.e., consolidation increment ratio of one or less.
NOTE 11—The test specimen may be consolidated prior to application

of back pressure. Also, the back pressure and consolidation phases may be
completed concurrently if back pressures are applied sufficiently slowly to
minimize potential for overconsolidation of the specimen.

9.4.1 Record the specimen height, if being monitored, prior
to application of consolidation pressure and periodically during
consolidation.
9.4.2 Increase the cell pressure to the level necessary to

develop the desired effective stress, and begin consolidation.
Drainage may be allowed from the base or top of the specimen,
or simultaneously from both ends.
9.4.3 (Optional) Record outflow volumes to confirm that

primary consolidation has been completed prior to initiation of
the hydraulic conductivity test. Alternatively, measurements of
the change in height of the test specimen can be used to
confirm completion of consolidation.
NOTE 12—The procedure in 9.4.3 is optional because the requirements

of 9.5 ensure that the test specimen is adequately consolidated during
permeation because if it is not, inflow and outflow volumes will differ
significantly. However, for accurate B-value determination, saturation
should be confirmed at the completion of consolidation(see 9.3.4.1). It is
recommended that outflow volumes or height changes be recorded as a
means for verifying the completion of consolidation prior to initialization
of permeation. Also, measurements in the change in height of the test
specimen, coupled with knowledge of the initial height, provide a means
for checking the final height of the specimen.

9.5 Permeation:
9.5.1 Hydraulic Gradient—When possible, the hydraulic

gradient (i = h/L, for definitions of notation see 10.1 ) used for
hydraulic conductivity measurements should be similar to that
expected to occur in the field. In general, hydraulic gradients
from <1 to 5 cover most field conditions. However, the use of
small hydraulic gradients can lead to very long testing times for
materials having low hydraulic conductivity (less than about

1 3 10−8 m/s). Somewhat larger hydraulic gradients are usu-
ally used in the laboratory to accelerate testing, but excessive
gradients must be avoided because high seepage pressures may
consolidate the material, material may be washed from the
specimen, or fine particles may be washed downstream and
plug the effluent end of the test specimen. These effects could
increase or decrease hydraulic conductivity. If no gradient is
specified by the requestor, the following guidelines may be
followed:

Hydraulic Conductivity,
m/s

Recommended Maximum
Hydraulic Gradient

1 3 10−5 to 1 3 10−6 2
1 3 10−6 to 1 3 10−7 5
1 3 10−7 to 1 3 10−8 10
1 3 10−8 to 1 3 10−9 20
less than 1 3 10−9 30

NOTE 13—Seepage pressures associated with large hydraulic gradients
can consolidate soft, compressible specimens and reduce their hydraulic
conductivity. It may be necessary to use smaller hydraulic gradients (<10)
for such specimens.

9.5.2 Initialization—Initiate permeation of the specimen by
increasing the influent (headwater) pressure (see 9.3.3). The
effluent (tailwater) pressure shall not be decreased because air
bubbles that were dissolved by the specimen water during
backpressuring may come out of solution if the pressure is
decreased. The back pressure shall be maintained throughout
the permeation phase.
9.5.2.1 At the start and end of each permeation trial, at t1

and t2, read and record the test temperature to the nearest
0.1°C. See Section 10. If the number of significant digits in the
calculation of hydraulic conductivity at 20°C can be one, then
the test temperature can be measured to the nearest degree
Celsius.
9.5.3 Constant Head Tests:
9.5.3.1 (Method A)—Measure and record the required head

loss across the tolerances and significant digits stated in 5.1.1
and 5.2.3 at the start and end of each permeation trial (as a
minimum). The head loss across the permeameter shall be kept
constant to 65 % or better. Measure and record periodically
the quantity of inflow as well as the quantity of outflow to a
minimum of three significant digits. Also measure and record
any changes in height of the test specimen, if being monitored
(see Note 13). Continue permeation until at least four values of
hydraulic conductivity are obtained over an interval of time in
which: (1) the ratio of outflow to inflow rate is between 0.75
and 1.25, and (2) the hydraulic conductivity is steady. The
hydraulic conductivity shall be considered steady if four or
more consecutive hydraulic conductivity determinations fall
within 625 % or better of the mean value for k $ 1 3 10 −10
m/s or within650 % or better for k < 13 10 −10 m/s, and a plot
or tabulation of the hydraulic conductivity versus time shows
no significant upward or downward trend.
9.5.3.2 Method E (Constant Volume)—Measure and record

the required head loss across the permeameter to the tolerances
and significant digits stated in 5.1.4. The head loss across the
permeameter shall be kept constant to65 % or better. Measure
and record, to a minimum of three significant digits, the
quantity of either inflow (influent) or outflow (effluent). In this
measurement the last digit may be due to estimation, see
5.1.1.1. In addition, measure and record any changes in the

D 5084
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Gradiente hidráulico recomendado
(tiempos del ensayo)

specimens may be soaked under partial vacuum applied to the
top of the specimen. Water under atmospheric pressure shall be
applied to the specimen base through the influent lines, and the
magnitude of the vacuum set to generate a hydraulic gradient
across the specimen less than that which will be used during
hydraulic conductivity measurements.
NOTE 8—Soaking under vacuum is applicable when there are continu-

ous air voids in the specimen e.g., specimens having a degree of saturation
of less that about 85%. The specimen may swell when exposed to water;
the effective stress will tend to counteract the swelling. However, for
materials that tend to swell, unless the applied effective stress is greater
than or equal to the swell pressure, the specimen will swell. In addition,
see Note 5.

9.3 Back-Pressure Saturation—To saturate the specimen,
back pressuring is usually necessary. Fig. 4 (7) provides
guidance on back pressure required to attain saturation. Addi-
tional guidance on the back-pressure process is given by Black
and Lee (8) and Head (9).
NOTE 9—The relationships presented in Fig. 4 are based on the

assumption that the water used for back pressuring is deaired and that the
only source for air to dissolve into the water is air from the test specimen.
If air pressure is used to control the back pressure, pressurized air will
dissolve into the water, thus reducing the capacity of the water used for
back pressure to dissolve air located in the pores of the test specimen. The
problem is minimized by using a long (>5 m) tube that is impermeable to
air between the air-water interface and test specimen, by separating the
back-pressure water from the air by a material or fluid that is relatively
impermeable to air, by periodically replacing the back-pressure water with
deaired water, or by other means.

9.3.1 During the saturation process, any change in the
volume (swelling or compression of the void ratio, density,
etc.) of the test specimen should be minimized. The easiest way
to verify that volume changes are minor is to measure the
height of the specimen during the back-pressuring process.
Volume changes are considered minor if the resulting change in
hydraulic conductivity is less than about 1⁄2the acceptable error
of 25 % given in 9.5.3, unless more stringent control on density
or hydraulic conductivity, or both is required. For this to occur
the axial strain should be less than about 0.4 % for normally

consolidated soils, or about 0.1 % for overconsolidated soils.
See Appendix X2.
9.3.2 Take and record an initial reading of specimen height,

if being monitored. Open the flow line valves and flush out of
the system any free air bubbles using the procedure outlined in
9.1.3. If an electronic pressure transducer or other measuring
device is to be used during the test to measure pore pressures
or applied hydraulic gradient, it should be bled of any trapped
air.
9.3.3 Adjust the applied confining pressure to the value to

be used during saturation of the specimen. Apply back pressure
by simultaneously increasing the cell pressure and the influent
and effluent pressures in increments. The maximum value of an
increment in back pressure shall be sufficiently low such that
no point in the specimen is exposed to an effective stress in
excess of that to which the specimen will be subsequently
consolidated. At no time shall a head be applied such that the
effective confining stress is <7 kPa (1 psi) because of the
danger of separation of the membrane from the test specimen.
Maintain each increment of pressure for a period of a few
minutes to a few hours, depending upon the characteristics of
the specimen. To assist in removal of trapped air, a small
hydraulic gradient may be applied across the specimen to
induce flow.
9.3.4 Saturation shall be verified with one of the three

following techniques:
9.3.4.1 Saturation may be verified by measuring the B

coefficient as described in Test Method D 4767 (see Note 10).
The test specimen shall be considered to be adequately
saturated if the B value is $0.95, or for relatively incompress-
ible materials, for example, rock, if the B value remains
unchanged with application of larger values of back pressure.
The B value may be measured prior to or after completion of
the consolidation phase (see 9.4). An accurate B-value deter-
mination can only be made if no gradient is acting on the
specimen and all pore-water pressure induced by consolidation
has dissipated.

FIG. 4 Back Pressure to Attain Various Degrees of Saturation (7)

D 5084
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Permeámetros de pared flexible: uso de 
equipo triaxial
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4.7 In most cases, when testing high swell potential mate-
rials and using a constant-volume hydraulic system, the effec-
tive confining stress should be about 1.5 times the swell
pressure of the test specimen or a stress which prevents
swelling. If the confining stress is less than the swell pressure,
anomalous flow conditions my occur; e.g., mercury column(s)
move in the wrong direction.
NOTE 1—The quality of the result produced by this standard is

dependent of the competence of the personnel performing it and the
suitability of the equipment and facilities used. Agencies that meet the
criteria of Practice D 3740 are generally considered capable of competent
and objective testing/sampling/inspection/etc. Users of this standard are
cautioned that compliance with Practice D 3740 does not in itself assure
reliable results. Reliable results depend on many factors; Practice D 3740
provides a means of evaluating some of those factors.

5. Apparatus
5.1 Hydraulic System—Constant head (Method A), falling

head (Methods B and C), constant rate of flow (Method D),
constant volume-constant head (Method E), or constant
volume-falling head (Method F) systems may be utilized
provided they meet the following criteria:
5.1.1 Constant Head—The system must be capable of

maintaining constant hydraulic pressures to65 % or better and
shall include means to measure the hydraulic pressures to
within the prescribed tolerance. In addition, the head loss

across the permeameter must be held constant to 65 % or
better and shall be measured with the same accuracy or better.
A pressure gage, electronic pressure transducer or any other
device of suitable accuracy shall measure pressures to a
minimum of three significant digits. The last digit may be due
to estimation, see 5.1.1.1.
5.1.1.1 Practice D 6026 discusses the use or application of

estimated digits. When the last digit is estimated and that
reading is a function of the eye’s elevation/location, then a
mirror or another device is required to reduce the reading error
caused by parallax.
5.1.2 Falling Head—The system shall allow for measure-

ment of the applied head loss, thus hydraulic gradient, to65 %
or better at any time. In addition, the ratio of initial head loss
divided by final head loss over an interval of time shall be
measured such that this computed ratio is accurate to 65 % or
better. The head loss shall be measured with a pressure gage,
electronic pressure transducer, engineer’s scale, graduated
pipette, or any other device of suitable accuracy to a minimum
of three significant digits. The last digit may be due to
estimation, see 5.1.1.1. Falling head tests may be performed
with either a constant tailwater elevation (Method B) or a rising
tailwater elevation (Method C), see Fig. 1.
5.1.3 Constant Rate of Flow—The system must be capable

of maintaining a constant rate of flow through the specimen to

FIG. 1 Falling Head – Rising Tail System, Method C
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Carga variable (método C) Carga constante (método E)

65 % or better. Flow measurement shall be by calibrated
syringe, graduated pipette, or other device of suitable accuracy.
The head loss across the permeameter shall be measured to a
minimum of three significant digits and to an accuracy of
65 % or better using an electronic pressure transducer(s) or
other device(s) of suitable accuracy. The last digit may be due
to estimation, see 5.1.1.1. More information on testing with a
constant rate of flow is given in the literature (4).
5.1.4 Constant Volume-Constant Head (CVCH)—The sys-

tem, with mercury to create the head loss, must be capable of
maintaining a constant head loss cross the permeameter to
65 % or better and shall allow for measurement of the applied
head loss to 65 % or better at any time. The head loss shall be
measured to a minimum of three significant digits with an
electronic pressure transducer(s) or equivalent device, (5) or
based upon the pressure head caused by the mercury column,
see 10.1.2. The last digit may be due to estimation, see 5.1.1.1.
5.1.4.1 A schematic drawing of a typical CVCH hydraulic

system is shown in Fig. 2 (5). In this system, the head loss will
remain constant providing the mercury column remains verti-
cal and intact/unbroken.
5.1.4.2 Hazards—Since this hydraulic system contains mer-

cury, special health and safety precautions have to be consid-
ered. See Section 7.
5.1.4.3 Caution—For these types of hydraulic systems to

function properly, the separation of the mercury column has to

be prevented. To prevent separation, the mercury and “constant
head” tube have to remain relatively clean, and the inside
diameter of this tube cannot be too large; typically a capillary
tube is used. The larger diameter flushing tube is added to
enable flushing clean water through the system without exces-
sive mercury displacement. Traps to prevent the accidental
flow of mercury out of the “Constant Head” tube or flushing
tube are not shown in Fig. 2.
5.1.5 Constant Volume-Falling Head (CVFH)—The system,

with mercury to create the head loss, shall meet the criteria
given in 5.1.2. The head loss shall be measured to a minimum
of three significant digits with an electronic pressure transduc-
er(s) or equivalent device(s), (5) or based upon the differential
elevation between the top surfaces of the mercury level in the
headwater and tailwater tubes. The last digit may be due to
estimation, see 5.1.1.1.
5.1.5.1 A schematic drawing of a typical CVFH hydraulic

system is shown in Fig. 3 (5). Typically, the tailwater tube has
a smaller area than the headwater tube to increase the sensi-
tivity of flow measurements, and to enable flushing clean water
through the system without excessive mercury displacement in
the headwater tube. The development of the hydraulic conduc-
tivity equation for this type of system is given in Appendix X1.
5.1.5.2 Hazards—Since this hydraulic system contains mer-

cury, special health and safety precautions have to be consid-
ered. See Section 7.

FIG. 2 Constant Volume – Constant Head System, Method E (5)
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NOTE 17—For the constant-volume hydraulic systems, there cannot be
any head loss across the permeameter/specimen due to elevation head.
Units other than seconds (s), meters (m), etc. may be used providing an
appropriate UCF is used so k is in m/s or other units, if requested or
customary (see Section 11).

10.2 Falling-Head Tests:
10.2.1 Constant Tailwater Pressure (Method B)—Calculate

the hydraulic conductivity, k, as follows:

k 5
a · L
A · Dt ln Sh1h2D (3)

where:
a = cross-sectional area of the reservoir containing the

influent liquid, m2, and
ln = natural logarithm (base e = 2.71828).
See Note 16.
10.2.2 Increasing Tailwater Pressure (Method C)—

Calculate the hydraulic conductivity, k, as follows:

k 5
ain · aout · L

~ain 1 aout! · A ·Dt
ln Sh1h2D (4)

where:
a in = cross-sectional area of the reservoir containing the

influent/inflow liquid, m2, and
aout = cross-sectional area of the reservoir containing the

effluent/outflow liquid, m2.
See Note 16.
NOTE 18—For the case in which aout = ain = a, the equation for calcu-

lating k for a falling head test with a rising tailwater level is:

k 5
a · L

2 · A · Dt ln Sh1h2D (5)

where:
a = area of the reservoirs containing either the influent/inflow or

effluent/outflow liquid, m2

10.2.3 Constant-Volume System (Method F)— Calculate the
hydraulic conductivity, k, as follows:

k 5 S ain · aout
~aout 1 ain!

·
1

~G Hg – 1!D · LA · 1Dt · lnSh 1h2D (6)

10.2.3.1 If the differential elevation between the top sur-
faces of the mercury level in the headwater and tailwater tubes
is used to determine the head loss, h, use the following
equations.

a) For the head loss at the start of the permeation trial, h1:

h1 5 ~DHHg,1 1 DHHg,c! · SrHg
rw
– 1D 5 ~DHHg,1 1 DHHg,c! · ~GHg – 1!

(7)

where:
DHHg,1 = difference in elevation between the top surfaces

of the mercury level in the tailwater and head-
water tubes at the start of the permeation trial,
t1(see Fig. 3), m, and

DHHg,c = difference in elevation of mercury in the head-
water and tailwater tubes of the manometer with
equal pressures applied to both tubes, m. This
value is positive if the inside diameter (ID) of
the headwater tube is larger than the ID of the
tailwater tube, and negative if the opposite is
true. A discussion on capillary head is given in
Appendix X1, X1.2.3.2 and X1.4.

See Note 17.
b) For the head loss at the end of the permeation trial, h2,:

h2 5 h1 1 S~– DHgtail! · Saouta in
1 1D · ~GHg – 1!D (8)

where:
– DHgtail = the negative change in elevation of the mer-

cury levels in the tailwater tube during the
permeation trial, m.

The reason why DHgtail is used instead of DHgHg,2 (differ-
ence in mercury levels at end of trial) is explained in Appendix
X1, X1.3.2.1.
10.3 Hydraulic Conductivity at Standard Temperature—

Correct the hydraulic conductivity to that for 20°C (68°F), k20,
by multiplying k by the ratio of the viscosity of water at test
temperature to the viscosity of water at 20°C (68°F), RT:

k20 5 RT · K (9)

with
RT 5 2.2902 ~0.9842 T!/T 0.1702 (10)

where:
k20 = hydraulic conductivity corrected to 20°C, m/s
RT = ratio of the viscosity of water at test temperature to

the viscosity of water at 20°C
T = average test temperature during the permeation trial

((T1+ T2)/2), to the nearest 0.1°C.
T1 = test temperature at start of permeation trial, to nearest

0.1 °C, and
T2 = test temperature at end of permeation trial, to nearest

0.1 °C
10.3.1 The equation for RT is only accurate to three signifi-

cant digits between 5 and 50°C (41 and 122°F), see 1.1.
10.3.2 If the number of significant digits in the calculation

of hydraulic conductivity at 20°C can be one, then the test
temperature can be measured to the nearest °C.

11. Report: Test Data Sheet(s)/Form(s)
11.1 The methodology used to specify how data are re-

corded on the test data sheet(s)/form(s), as given below, is
covered in 1.4.

TABLE 1 Specific Gravity of Mercury (GHg)
Temperature (°C) GHg= (rHg/rw)

15 13.570
16 13.570
17 13.570
18 13.570
19 13.570
20 13.570
21 13.571
22 13.571
23 13.572
24 13.573
25 13.574
26 13.575
27 13.576
28 13.577
29 13.579
30 13.580
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height of the test specimen, if being monitored (see Note 13).
Continue permeation until at least two or more values of
hydraulic conductivity (k) are steady. The hydraulic conduc-
tivity shall be considered steady if two or more consecutive k
determinations fall within 6 15 % or better of the mean value
(two or more determinations) for k $ 1 3 10-10 m/s or within
6 50 % or better for k < 1 3 10-10 m/s.
9.5.4 Falling-Head Tests (Methods B, C, and F)—Measure

and record the required head loss across the permeameter to the
tolerances and significant digits stated in 5.1.2. Measure and
record these head losses at the start and end of each permeation
trial (as a minimum). At no time shall the applied head loss
across the specimen be less than 75 % of the initial (maximum)
head loss during the hydraulic conductivity determination (see
Note 14). At the start and end of each trial, as a minimum,
measure and record any changes in the height of the test
specimen, if being monitored.
9.5.4.1 Methods B and C— The volumes of outflow and

inflow shall be measured and recorded to three significant
digits (the last digit may be due to estimation, see 5.1.1.1).
Measure and record these volumes at the start and end of each
permeation trial (as a minimum). Continue permeation until at
least four values of hydraulic conductivity are obtained over an
interval of time in which: the ratio of outflow to inflow rate is
between 0.75 and 1.25, and the hydraulic conductivity is steady
(see 9.5.3.1).

NOTE 14—When the water pressure in a test specimen changes and the
applied total stress is constant, the effective stress in the test specimen
changes, which can cause volume changes that can invalidate the test
results. The requirement that the head loss not decrease very much is
intended to keep the effective stress from changing too much. For
extremely soft, compressible test specimens, even more restrictive criteria
might be needed. Also, when the initial and final head losses across the test
specimen do not differ by much, great accuracy is needed to comply with
the requirement of 5.1.2 that the ratio of initial to final head loss be
determined with an accuracy of 6 5 % or better. When the initial and final
head loss over an interval of time do not differ very much, it may be
possible to comply with the requirements for a constant head test (9.5.3)
in which the head loss must not differ by more than 6 5 % and to treat the
test as a constant head test.

9.5.4.2 Method F (Constant Volume)—Continue permeation
until at least two or more values of hydraulic conductivity (k)
meet the requirements stated in 9.5.3.2.
9.5.5 Constant Rate of Flow Tests (Method D)—Initiate

permeation of the specimen by imposing a constant flow rate.
Choose the flow rate so the hydraulic gradient does not exceed
the value specified, or if none is specified, the value recom-
mended in 9.5.1. Periodically measure the rate of inflow, the
rate of outflow, and head loss across the test specimen to the
tolerances and significant digits given in 5.1.3. Also, measure
and record any changes in specimen height, if being monitored.
Continue permeation until at least four values of hydraulic
conductivity are obtained over an interval of time in which the
ratio of inflow to outflow rates is between 0.75 and 1.25, and
hydraulic conductivity is steady (see 9.5.3.1).
9.6 Final Dimensions of the Specimen— After completion

of permeation, reduce the applied confining, influent, and
effluent pressures in a manner that does not generate significant
volume change of the test specimen. Then carefully disas-

semble the permeameter cell and remove the specimen. Mea-
sure and record the final height, diameter, and total mass of the
specimen. Then determine the final water content of the
specimen by the procedure of Method D 2216. Dimensions and
mass of the test specimen shall be measured to the tolerances
specified in 5.8 and 5.9.

NOTE 15—The specimen may swell after removal of back pressure as a
result of air coming out of solution. A correction may be made for this
effect, provided that changes in the length of the specimen are monitored
during the test. The strain caused by dismantling the cell is computed from
the length of the specimen before and after dismantling the cell. The same
strain is assumed to have occurred in the diameter. The corrected diameter
and actual length before the back pressure was removed are used to
compute the volume of the test specimen prior to dismantling the cell. The
volume prior to dismantling the cell is used to determine the final dry
density and degree of saturation.

10. Calculation
10.1 Constant Head and Constant Rate of Flow Tests:
10.1.1 Methods A and D—Calculate the hydraulic conduc-

tivity, k, as follows:

k 5
DQ · L
A · h · Dt (1)

where:
k = hydraulic conductivity, m/s,
DQ = quantity of flow for given time interval Dt, taken as

the average of inflow and outflow, m3,
L = length of specimen, m,
A = cross-sectional area of specimen, m2,
Dt = interval of time, s, over which the flow DQ occurs

(t 2–t1),
t1 = time at start of permeation trial, date: hr:min:sec,
t2 = time at end of permeation trial, date: hr:min:sec,
h = average head loss across the permeameter/specimen

((h1+ h2)/2), m of water,
h1 = head loss across the permeameter/specimen at t1, m

of water, and
h2 = head loss across the permeameter/specimen at t2, m

of water.

NOTE 16—The interval of time, Dt, can be measured directly using a
stop watch or equivalent device, see 11.5.1. Units other than second(s),
meters (m), etc. may be used providing an appropriate unit conversion
factor (UCF) is used so k is in m/s or other units, if requested or customary
(see Section 11).

10.1.2 Method E—Use the above Eq 1. If the height of the
mercury column in the “Constant Head” tube is used to
determine the head loss, h, use the following equation.

h 5 DHHg · SrHg
rw
– 1D 5 DHHg · ~GHg – 1! (2)

where:
DHHg = the peak to peak height of mercury column (see

Fig. 2), m, and
rHg = the density of mercury, g/cm3,
rwg = the density of water, g/cm3,
GHg = the ratio of the density of mercury to the density of

water (specific gravity of mercury) at the test/trial
temperature. See Table 1.
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height of the test specimen, if being monitored (see Note 13).
Continue permeation until at least two or more values of
hydraulic conductivity (k) are steady. The hydraulic conduc-
tivity shall be considered steady if two or more consecutive k
determinations fall within 6 15 % or better of the mean value
(two or more determinations) for k $ 1 3 10-10 m/s or within
6 50 % or better for k < 1 3 10-10 m/s.
9.5.4 Falling-Head Tests (Methods B, C, and F)—Measure

and record the required head loss across the permeameter to the
tolerances and significant digits stated in 5.1.2. Measure and
record these head losses at the start and end of each permeation
trial (as a minimum). At no time shall the applied head loss
across the specimen be less than 75 % of the initial (maximum)
head loss during the hydraulic conductivity determination (see
Note 14). At the start and end of each trial, as a minimum,
measure and record any changes in the height of the test
specimen, if being monitored.
9.5.4.1 Methods B and C— The volumes of outflow and

inflow shall be measured and recorded to three significant
digits (the last digit may be due to estimation, see 5.1.1.1).
Measure and record these volumes at the start and end of each
permeation trial (as a minimum). Continue permeation until at
least four values of hydraulic conductivity are obtained over an
interval of time in which: the ratio of outflow to inflow rate is
between 0.75 and 1.25, and the hydraulic conductivity is steady
(see 9.5.3.1).

NOTE 14—When the water pressure in a test specimen changes and the
applied total stress is constant, the effective stress in the test specimen
changes, which can cause volume changes that can invalidate the test
results. The requirement that the head loss not decrease very much is
intended to keep the effective stress from changing too much. For
extremely soft, compressible test specimens, even more restrictive criteria
might be needed. Also, when the initial and final head losses across the test
specimen do not differ by much, great accuracy is needed to comply with
the requirement of 5.1.2 that the ratio of initial to final head loss be
determined with an accuracy of 6 5 % or better. When the initial and final
head loss over an interval of time do not differ very much, it may be
possible to comply with the requirements for a constant head test (9.5.3)
in which the head loss must not differ by more than 6 5 % and to treat the
test as a constant head test.

9.5.4.2 Method F (Constant Volume)—Continue permeation
until at least two or more values of hydraulic conductivity (k)
meet the requirements stated in 9.5.3.2.
9.5.5 Constant Rate of Flow Tests (Method D)—Initiate

permeation of the specimen by imposing a constant flow rate.
Choose the flow rate so the hydraulic gradient does not exceed
the value specified, or if none is specified, the value recom-
mended in 9.5.1. Periodically measure the rate of inflow, the
rate of outflow, and head loss across the test specimen to the
tolerances and significant digits given in 5.1.3. Also, measure
and record any changes in specimen height, if being monitored.
Continue permeation until at least four values of hydraulic
conductivity are obtained over an interval of time in which the
ratio of inflow to outflow rates is between 0.75 and 1.25, and
hydraulic conductivity is steady (see 9.5.3.1).
9.6 Final Dimensions of the Specimen— After completion

of permeation, reduce the applied confining, influent, and
effluent pressures in a manner that does not generate significant
volume change of the test specimen. Then carefully disas-

semble the permeameter cell and remove the specimen. Mea-
sure and record the final height, diameter, and total mass of the
specimen. Then determine the final water content of the
specimen by the procedure of Method D 2216. Dimensions and
mass of the test specimen shall be measured to the tolerances
specified in 5.8 and 5.9.

NOTE 15—The specimen may swell after removal of back pressure as a
result of air coming out of solution. A correction may be made for this
effect, provided that changes in the length of the specimen are monitored
during the test. The strain caused by dismantling the cell is computed from
the length of the specimen before and after dismantling the cell. The same
strain is assumed to have occurred in the diameter. The corrected diameter
and actual length before the back pressure was removed are used to
compute the volume of the test specimen prior to dismantling the cell. The
volume prior to dismantling the cell is used to determine the final dry
density and degree of saturation.

10. Calculation
10.1 Constant Head and Constant Rate of Flow Tests:
10.1.1 Methods A and D—Calculate the hydraulic conduc-

tivity, k, as follows:

k 5
DQ · L
A · h · Dt (1)

where:
k = hydraulic conductivity, m/s,
DQ = quantity of flow for given time interval Dt, taken as

the average of inflow and outflow, m3,
L = length of specimen, m,
A = cross-sectional area of specimen, m2,
Dt = interval of time, s, over which the flow DQ occurs

(t 2–t1),
t1 = time at start of permeation trial, date: hr:min:sec,
t2 = time at end of permeation trial, date: hr:min:sec,
h = average head loss across the permeameter/specimen

((h1+ h2)/2), m of water,
h1 = head loss across the permeameter/specimen at t1, m

of water, and
h2 = head loss across the permeameter/specimen at t2, m

of water.

NOTE 16—The interval of time, Dt, can be measured directly using a
stop watch or equivalent device, see 11.5.1. Units other than second(s),
meters (m), etc. may be used providing an appropriate unit conversion
factor (UCF) is used so k is in m/s or other units, if requested or customary
(see Section 11).

10.1.2 Method E—Use the above Eq 1. If the height of the
mercury column in the “Constant Head” tube is used to
determine the head loss, h, use the following equation.

h 5 DHHg · SrHg
rw
– 1D 5 DHHg · ~GHg – 1! (2)

where:
DHHg = the peak to peak height of mercury column (see

Fig. 2), m, and
rHg = the density of mercury, g/cm3,
rwg = the density of water, g/cm3,
GHg = the ratio of the density of mercury to the density of

water (specific gravity of mercury) at the test/trial
temperature. See Table 1.
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Conductividad hidráulica primaria y 
secundaria

Conductividad primaria (![\]^)
• Flujo de agua a través de los 

poros del suelo
• Crece con el tamaño de poro
• Decrece con la plasticidad
Conductividad secundaria (!_`a)
• Flujo de agua a través de fisuras,

macroporos y vetas arenosas
• No correlaciona con las 

propiedades físicas de los suelos
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Ensayo de bombeo (medición de 
conductividad hidráulica en campo)

• Medición global (varios estratos de suelo)
• Mas representativo del trabajo real en obra
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Estimación caudal en acuífero de penet. parcial, medio isótropo (J. Badillo, Tomo III, cap VII)

Configuración ensayo: 1 punto de bombeo (B) + 3 puntos medición freática (P). Puntos medición freática (P)

Punto de bombeo (B)
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Ensayo de bombeo (medición de 
conductividad hidráulica en campo)

• Un resultado
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Curva de abatimiento medida en Fm. Pampeano (V. Urquiza, CABA) Fórmulas empleadas (Q: caudal
erogado, r: distancia al punto de
bombeo, h: energía piezomética en
puntos de medición,R: radio
hidráulico, s: distancia fondo de
pozo-acuífero inferior, H: posición
inicial freática)

11.5 
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11.9 
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12.9 
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13.3 
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Figura 8. Ensayo triaxial escalonado UU. Linea A, Av. 
Rivadavia 7735, prof. 9.0 – 10.0m. 
5.5 Ensayos de bombeo 
La permeabilidad media de la Formación Pampeano está 
controlada por el estado de fisuración del depósito. A 
pesar de que el Pampeano clasifica como limo o arcilla de 
mediana plasticidad, su permeabilidad media es similar a 
la de una arena fina (Núñez y Micucci, 1986). En la Tabla 
4 se presentan los resultados de tres ensayos de bombeo 
convencionales. En la tabla, Q es el caudal bombeado, 
mientras que R y k son el radio de influencia y la 
permeabilidad, obtenidos como mejor ajuste de los 
resultados experimentales a la expresión 
 
Q=πk[(H-s)2 – t2 ) / ln(R/a)] [1+(0.3+10a/H)sin(1.8s/H)]  [5] 
 
Tabla 4. Resultados de ensayos de bombeo. 
Ensayo Q R k 
 m3/seg m m/s 

Jaramillo y V. Obligado 4.6 35 2.36x10-5 
La Pampa 2567 3.6 126 7.30x10-5 
Triunvirato 5150 4.3 63 1.63x10-5 

 
6 PARAMETROS MECANICOS ADOPTADOS PARA 

EL DISEÑO 
La fuente principal de datos para la calibración de 
parámetros mecánicos y técnicas de modelización es la 
medición, observación y análisis inverso del comporta-
miento del terreno durante la construcción de las obras.  

En la Tabla 5 se presentan los rangos de los 
parámetros mecánicos resultantes de ese proceso de 
calibración realizado en el Pampeano.  
 
Tabla 5. Parámetros mecánicos recomendados. 
Parámetro Unidad Superior Medio Inferior 

cu kPa 50-100 110-220 40-120 
φu ° 10-20 0-10 0 
c´ kPa 10-25 25-50 15-30 
φ´ ° 30-32 30-34 29-32 
ψ ° 0-3 0-6 0-3 
E50 MPa 60-100 70-150 60-90 
Eur MPa 150-250 180-300 140-220 
m - 0.0-0.4 0.0-0.4 0.0-0.4 
ν - 0.20-0.30 0.20-0.30 0.20-0.30 
Rf - 0.80-0.90 0.80-0.90 0.80-0.90 
 
donde cu es la cohesión no drenada, φu es el ángulo de 
fricción no drenado, c´ es la cohesión efectiva, ψ  es el 
ángulo de dilatancia, E50 es el módulo de deformación al 
50% de rotura y Eur es el módulo de Young en recarga 
(ambos para un confinamiento de 100kPa), m es el 
exponente de Jambu, ν es el coeficiente de Poisson, Rf 
es la relación de falla. Las expresiones analíticas se 
pueden consultar del manual Plaxis (Vermeer, 1998). 
 
7 CONCLUSIONES 
Se presentó una actualización de los parámetros 
mecánicos de la Formación Pampeano. Los parámetros 
propuestos están basados en campañas geotécnicas 
desarrolladas para el diseño de obras subterráneas y en 

el análisis inverso del comportamiento de túneles 
ejecutados durante la extensión de las líneas A, B, E y H 
de Subterráneos de Buenos Aires, efectuadas entre 1998 
y 2010.  
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Flujo bidimensional

• Ver video: https://www.youtube.com/watch?v=rM38JiyXDU8

• ¿ El flujo es confinado o no confinado ?
• ¿ 8v = 8w ? ¿ Valores estimados de 8 para el cuerpo de 

presa y el material aguas arriba ?
• ¿ Cómo determinar n ?
• ¿ La línea horizontal del fondo de la presa es una línea de 

corriente o línea equipotencial?
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Licuación

¿ Por qué pasa esto?
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Licuación

• El material se encuentra saturado y suelto.
• Se experimenta un progreso de la deformación por acción 

de una carga externa (martillo=“sismo”)
• La velocidad de aplicación de la carga no permite que el 

agua escape.
• El material resiste en una condición de drenaje impedido, 

aumentan las presiones neutras ∆-.
• Las presiones efectivas y´ se reducen lo suficiente y la 

estructura granular falla (licuación = se hunde la casa).

La
b 

02
 -

pr
op

ie
da

de
s 

hi
dr

áu
lic

as

16



Sifonaje

• Ver video: https://www.youtube.com/watch?v=G9QKPEe-hgE

• ¿Sifona si se cambia el sentido de circulación de flujo?
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yz{ = )hÅ} ( | − )U ( ℎ + |

Piedra porosa
yz{

https://www.youtube.com/watch?v=G9QKPEe-hgE


Conductividad hidráulica 
no saturada ()*)
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• En suelos saturados:
– El flujo a través del suelo está gobernado por la Ley 

de Darcy TU = −8U
ÇÉ+
Çw

– Suelo homogéneo e isótropo  8U = 5Ñ.

• En suelos parcialmente saturados:
– También es aplicable Darcy

– Suelo homogéneo e isótropo      8U = * Ö = Ü,
Ü

≠ 5Ñ.

– El aire también es un fluido 8Å ≠ 5Ñ.
– Las conductividades 8U y 8Å varían con el grado de 

saturación (@c → 1 8U ≫ 8Å , @c → 0 8U ≪ 8Å)

4

Fases del Suelo

• 3 Fases:

at
ur

ad
os – Sólido

– Agua: en general u<0

S
ue

lo
s 

N
o 

S
a

– Aire

• Grado de saturación

S

– Sr = 0%: suelo seco
– 0% < Sr < 100%: suelo no saturado:

S 80% l l f “ i ” ti• Sr < 80%: en general la fase “aire” es continua
• Sr > 90%: en general el aire está en forma de burbujas 

Sr = 100%: suelo saturado– Sr = 100%: suelo saturado

• Sr e = Z Js / JZ

18



Conductividad hidráulica no saturada 
(ensayo de columna infiltración)
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Brusa et. al. (FIUBA, 2014)19

(Ö)(-Å − -U)



Conductividad hidráulica no saturada 
(ensayo de columna infiltración)
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Brusa et. al. (FIUBA, 2014)20

äU = ã
d

å
Ö ç é3ç

Ö =
@c.
1 + .

TU =
3äU
é3Ñ

8U =
TU
2U

(-
Å
−
- U
)
8U
8hÅ}
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