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1. Scope 2.1.4 resolution—the smallest division of the scale used for

1.1 This guide covers the measurement of matric potentih measurement and it is a factor in determining precision and
in the vadose zone using tensiometers. The theoretical arffFcuracy.
practical considerations pertaining to successful onsite use %J
commercial and fabricated tensiometers are described. Mea-

surement theory and onsite objectives are used to develop3-1 The measurement of matric potential in the vadose zone
guidelines for tensiometer selection, installation, and opera€@n be accomplished using tensiometers that create a saturated

tion. hydraulic link between the soil water and a pressure sensor. A

1.2 The values stated in Sl units are to be regarded as tpariety of commercial and fabricated tensiometers are com-
standard. The inch-pound units given in parentheses are féponly used. A saturated porous ceramic material th«’?lt fprms an
information only. interface between the soil water and bulk water inside the

1.3 This standard does not purport to address all of theinStrument is available in many shapes, sizes, and pore
safety problems, if any, associated with its use. It is théliameters. A gage, manometer, or electronic pressure trans-
responsibility of the user of this standard to establish appro-ducer is connected to the porous material with small- or
priate safety and health practices and determine the applical2rge-diameter tubing. Selection of these components allows
bility of regulatory limitations prior to use. the user to optimize one or more characteristics, such as

1.4 This guide offers an organized collection of information &ccuracy, versatility, response time, durability, maintenance,
or a series of options and does not recommend a specifigxtént of data collection, and cost.
course of action. This document cannot replace education o
experience and should be used in conjunction with professiona ) )
judgment. Not all aspects of this guide may be applicable in all 41 Movement of water in the unsaturated zone is of
circumstances. This ASTM standard is not intended to repreconSiderable interest in studies of hazardous-waste (i€
sent or replace the standard of care by which the adequacy ob 4% recharge studie, 6y, irrigation managemer(#, 8, 9)

a given professional service must be judged, nor should thi€nd civil-engineering project€l0, 11) Matric-potential data
document be applied without consideration of a project's many*/0n€ can be used to determine direction of fidd) and, in
unique aspects. The word* Standard” in the title of this SOMe Ccases, qguantity of water flux can be determined using

document means only that the document has been apprové‘&f“tiple tensiometer installations. In theory, this technique can
through the ASTM consensus process. be applied to almost any unsaturated-flow situation whether it

is recharge, discharge, lateral flow, or combinations of these
2. Terminology situations.
2.1 Definitions of Terms Specific to This Standard: 4.2 If the moisture-characteristic curve is known for a soil,
2.1.1 accuracy of measuremesnthe difference between the matric-potential data can be used to determine the approximate
value of the measurement and the true value. water content of the soflL0). The standard tensiometer is used
2.1.2 hysteresis—that part of inaccuracy attributable to the {0 measure matric potential between the values of 0 and -867

tendency of a measurement device to lag in its response fgn of water; this range includes most values of saturation for

environmental changes. Parameters affecting pressure-sengBny Soils(12). , , _
hysteresis are temperature and measured pressure. 4.3 Tensiometers directly and effectively measure soil-water

2.1.3 precision (repeatability-the variability among nu- (€nsion, but they require care and attention to detail. In
merous measurements of the same quantity. paruculgr, installation needs to establls_h a contmyous hydrguhc
connection between the porous material and soil, and minimal

disturbance of the natural infiltration pattern are necessary for

Summary of Guide

. Significance and Use

1 This guide is under the jurisdiction of ASTM Committee D-18 on Soil and

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Waterand——

Vadose Zone Investigations. 2The boldface numbers in parentheses refer to a list of references at the end of
Current edition approved May 15, 1991. Published October 1991. the text.
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successful installation. Avoidance of errors caused by aiDarcy’s Law). Other sources of error in flux estimates can
invasion, nonequilibrium of the instrument, or pressure-sensatesult from: inaccurate data used to establishki{g) or K (6)
inaccuracy will produce reliable values of matric potential. functions (accurate measurement of very small permeability
4.4 Special tensiometer designs have extended the normeahlues is particularly difficult) (16); use of an analytical
capabilities of tensiometers, allowing measurement in cold oexpression forK ({) or K (6) that facilitates computer
remote areas, measurement of matric potential as low as —158nulation, but only approximates the measured data; an
m of water (=15 bars), measurement at depths as deep as 6insufficient density of onsite measurements to define ad-
(recorded at land surface), and automatic measurement usiegjuately thed or ¢ profile, which can be markedly nonlinear;
as many as 22 tensiometers connected to a single presswmsite soil parameters that are different from those used to
transducer, but these require a substantial investment of effoestablishK (¥) or K (8); and invalid assumptions about the
and money. state of onsite hysteresis. Despite the possibility of large errors,
4.5 Pressure sensors commonly used in tensiometers ieertain flow situations occur where these errors are minimized
clude vacuum-gages, mercury manometers, and pressure traasd fairly accurate estimates of flux can be obtai(&dl7)
ducers. Only tensiometers equipped with pressure transducefrfie method has a sound theoretical basis and refinement of the
allow for the automated collection of large quantities of datatheory to match measured data markedly would improve
However, the user needs to be aware of the pressure-transduceliability of the estimates.
specifications, particularly temperature sensitivity and long- 5.3 The concept of fluid tension refers to the difference
term drift. Onsite measurement of known zero and “full-scale”between standard atmospheric pressure and the absolute fluid
readings probably is the best calibration procedure; howevepressure. Values of tension and pressure are related as follows:
onsite temperature measurement or periodic recalibration in the T. =Py — P: @)
laboratory may be sufficient.

where:
5. Measurement Theory T = the tension of an elemental volume of fluid,
5.1 In the absence of osmotic effects, unsaturated flow ﬂ
obeys the same laws that govern saturated flow: Darcy’s Law LT |
and the Equation of Continuity, that were combined as the
Richards’ Equation(13). Baver et al. (14) presents Darcy’'s Par = the absolute pressure of the standard atmosphere,
Law for unsaturated flow as follows: [ﬂz] and
q= KV +2) ) LT
where: P- = the absolute pressure of the same elemental volume
= L [ M
q the specific row,[T], or fluid [F]
K = . L
the unsaturated hydraulic conducnw{y‘—.],
Soil-water tension (or soil-moisture tension) similarly is
¢ = the matric potential of the soil water at a point, [L], €dual to the difference between soil-gas pressure and soil-water
Z = the elevation at the same point, relative to some Pressure. Thus:

datum, [L], and Ty + Ps =Py, @)
V = the gradient operator, [L].
The sum ofis + Z commonly is referred to as the hydraulic where:

head. w = the tension of an elemental volume of soil water,
5.2 Unsaturated hydraulic conductiviy, can be expressed [ﬂz]
as a function of either matric potential, or water content, LT

0[L° of waterL? of soil], although both functions are affected _ _

by hysteresig5). If the wetting and drying limbs of th& (i) Ps tht'av'absolute pressure of the surrounding soil gas,
function are known for a soil, time series of onsite matric- [_2] and

potential profiles can be used to determine: which limb is more LT

appropriate to describe the onsite (1); the correspondin
vglpl)JesF:J of the hydraulic-head gradiesllltj;) and an estir?]ate ofgflu>JD w = the absolute prﬁ/lssure of the same elemental volume
using Darcy’s Law. If, instead is known as a function o, of soil water,[—z}.
onsite moisture-content profiles (obtained, for example, from LT
neutron-scattering methods) can be used to estimi&texhd _ ) o ) )
combined with matric-potential data to estimate flux. In either 1 this guide, for simplicity, soil-gas pressure is assumed to
case, the accuracy of the flux estimate needs to be assesd¥€dual to 1 atmosphere, except as noted. Various units are

dK dK used to express tension or pressure of soil water, and are related
carefully. For many porous medi«a@ and@ are large, within  to each other by the equation:
certain ranges ofs or 6, making estimates oK particularly 1.000 bar= 100.0 kPa= 0.9869 atn=
sensitive to onsite-measurement errorsyofor 6. (Onsite- 1020 cm of water at 4°G-
measurement errors ¢falso have direct effect o¥i(ys + Z) in 1020 g per cmiin a standard
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gravitational field. A
(C)]

A standard gravitational field is assumed in this guide; thus,
centimetres of water at 4°C are used interchangeably with
grams per square centimetre.

5.4 The negative of soil-water tension is known formally as
matric potential. The matric potential of water in an unsatur-
ated soil arises from the attraction of the soil-particle surfaces
for water molecules (adhesion), the attraction of water mol-
ecules for each other (cohesion), and the unbalanced forces
across the air-water interface. The unbalanced forces result in
the concave water films typically found in the interstices
between soil particles. Baveat al. (14) present a thorough
discussion of matric potential and the forces involved. B

5.5 The tensiometer, formally named by Richards and
Gardner(18), has undergone many modifications for use in
specific problemg1, 11, 19-31) However, the basic compo-
nents have remained unchanged. A tensiometer comprises a
porous surface (usually a ceramic cup) connected to a pressure
sensor by a water-filled conduit. The porous cup, buried in a
soil, transmits the soil-water pressure to a manometer, a
vacuum gage, or an electronic-pressure transducer (referred to
in this guide as a pressure transducer). During normal opera-
tion, the saturated pores of the cup prevent bulk movement of
soil gas into the cup.

5.6 An expanded cross-sectional view of the interface be-
tween a porous cup and soil is shown in Fig. 1. Water held by
the soil particles is under tension; absolute pressure of the soff
water,P,,, is less than atmospheric. This pressure is transmitted
through the saturated pores of the cup to the water inside the
cup. Conventional fluid statics relates the pressure in the cup to
the reading obtained at the manometer, vacuum gage, or
pressure transducer.

5.6.1 In the case of a mercury manometer (see Fig):2(

Tw = Pa = Pw = (pug = Pr,0)f — prolh + d) ()
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Vacuum Gage; and (c) Pressure Transducer

the soil-water tension relative to atmospheric pres-
sure, in centimetres of water at 4°C,

the atmospheric pressure, in centimetres of water
at 4°C,

the average pressure in the porous cup and soil, in
centimetres of water at 4°C,

the average density of the mercury column, in

grams per cubic centimetre,

the average density of the water column, in grams
per cubic centimetre,

the reading, or height of mercury column above

the mercury-reservoir surface, in centimetres,
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the height of the mercury-reservoir surface above
land surface, in centimetres, and A N
the depth of the center of the cup below land
surface, in centimetres.

5.7 Although the density of mercury and water both vary __——Measurement tube
about 1 % between 0 and 45°C, Eq 5 commonly is used with Water supply tube
PHg aNdpy, o constant. N

5.7.1 Using p,,q = 13.54 andpy o = 0.995 (the median
values for this temperature range) yields about a 0.25 % error
(2.5 cm HO) at 45°C, for Tw~ 520 cm HO. This small, but
needless, error can be removed by using the following density
functions:

N
[ __— Tape

o
Il

- Porous cup

PHg = 13.595— 2.458x 10%(T) (6)
and
pro = 0.9997+ 4.879x 10°°(T) — 5.909x 10°(MN?  (7)

where:p,,, andpy o are as defined above, and
T = average temperature of the column, in° C.

5.7.2 Average temperature of the buried segment of water Water supply tube ——
column can be estimated with a thermocouple or thermistor in fpoy ——
contact with the tubing, buried at about 45 % of the depth of
the porous cup. Air temperature is an adequate estimate for
exposed segments.

5.8 Most vacuum gages used with tensiometers are gradu-
ated in bars (and centibars) and have an adjustable zero-
reading. The zero adjustment is used to offset the effects of
altitude, the height of the gage above the porous cup (see Fig.
3(b)), and changes in the internal characteristics of the gage
with time. The adjustment is set by filling the tensiometer with
water and then setting the gage to zero while immersing the
porous cup to its midpoint in a container of water. This setting .
is done at the altitude at which the tensiometer will be used and P
it needs to be repeated periodically after installation either by
removing the tensiometer from the soil or by unscrewing the
gage and measuring a tension equal to that used in the original
calibration. The gage then reads directly the tension in the
porous cup. Use of a vacuum gage without an adjustable zero
reading could result in inaccurate measurements because the
zero-reading could become negative and, therefore, would be
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FIG. 3 Porous-Cup and Tube Designs

indeterminate. Tw=Te = t(Pro) ®)

5.9 Pressure transducers convert pressure, or pressure difghere:
ference, into a voltage (or current) signal. The pressureT,, = the average tension in the porous cup and soil, in
transducer can be connected remotely to the porous cup with centimetres of water at 4°C,
tubing (22, 24) attached directly to the cugl9, 32) or T, = the tension in the pressure-transducer port, in
transported between sité#4). An absolute pressure transducer centimetres of water at 4°C,
measures the absolute pressiig) (n its port. A gage pressure t = the difference in elevation between the pressure-
transducer measures the difference between ambient- transducer port and the center of the porous cup,
atmospheric pressurd®() and the pressure in its porPg), in centimetres, and
known as gage pressure. Whép < P,, gage pressure is p,o = the average density of the water column connect-
identical to tension. A differential pressure transducer measures ing the porous cup and transducer, in grams per
the difference between two pressures; one in each of its two cubic centimetre.

ports. When used with tensiometers, the second port usually is 5.11 At 15°C, pure liquid water begins to cavitate (vaporize)
connected to the atmosphere; the unit is used as a gage pressifiiés tension exceeds 969 cm,B. If cavitation happens in a
transducer and it measures tension. tensiometer, liquid continuity is interrupted and tension read-
5.10 A calibration equation supplied by the manufacturer, oings are invalid. Water used in tensiometers is deaerated as
determined by the user, is used to convert the measured signadmpletely as practicable, but some impurities and dissolved
into pressure or tension at the pressure-transducer port. Tlygases remain that decrease the tension sustainable by liquid
tension in the porous cup and soil is then (see Fig))3( water to about 867 cm } (33). Thus, the operating range of



{ilb D 3404

tensiometers is described by the following equations: K. = kA (12)
To + Ah < 867 cm ©) cow
and where:
K. = the cup conductance, in centimétsecond®,
Tc<867cm (10) k= the permeability of the cup material to water at the

where: prevailing temperature, in centimetre second
T. = thetension in the porous cup, in centimetres of water A= the, average surface area of porous-cup material,

at 4°C, and estlmated as .the mean of the inside area and the
Ah = the elevation of the highest point in the hydraulic outside area, in centimefeand

connection between the porous cup and the pressure = the average wall thickness of the porous cup, in

sensor, minus the elevation of the porous cup, in (_:ent|metres. _ .
centimetres. 5.14 Richards(12) definition does not apply to a tensiom-

ter buried in a soil because soil conducta(i€g is in series
ith K. and usuallyK<< K. In fact, an onsite time constant
nnot be define(ll9) because the response is not logarithmic
e to a varying Kduring equilibration. However, the phrase*

Eq 9 indicates that a “trade-off” occurs between depth o
installation of the porous cup and the maximum tensionC
measurable; Eq 10 sets the upper limit of that tension. Eq 9 a
Eq 10 are approximate; if the water is insufficiently deaeratedyggnonse time” is used to describe the rate of onsite response to
the value 867 would be replaced with a smaller value. pressure changé83). The term is not to be confused with the

5.12 The only tensiometer described thus far that measurafne constant because two tensiometers with equal time
absolute soil-water pressur® ) directly is the absolute- constants emplaced in the same soil can have different response
pressure-transducer type. The others, differential tensiometensmes. For example, iK, = 10 K, and S, =10 S, then
measure the quantit, — P, where P,is ambient atmo- 7, = 7,; but if K&~ K, thenresponse timg> response timg
spheric pressure. The driving forces for liquid water in theNonethelessy as defined here can be used comparatively to
unsaturated zone (ignoring osmotic potential) are the absoluteelp evaluate tensiometer design. Greater sensitivity, large
pressure gradient in the liquid-water phase and gravity (see Egprous-cup surface area and permeability, and thin porous-cup
1). If the pressure wave propagates easily through the unsawalls are characteristics of a tensiometer with a short response
urated zone, then differential tensiometers can be used directtime. Use of a sensitive pressure transducer is the most
to determine pressure gradients. However, if a barometriceffective way to decrease response time in a soil of low
pressure change is transmitted readily to one differentianydraulic conductivity.
tensiometer porous cup and not to another (because of an 5.15 A bubble that interrupts hydraulic continuity between
intermediate confining layer), the calculated gradient betweeH1e porous cup and the pressure sensor will cause a change in
the two porous cups would be in error. If a porous cup isthe calculated value d?,y as follows:
isolated from the atmosphere by a confining layer, then a time A= (Ep — E¢) puo (13)
series of soil-water pressure at the porous cup, calculated with
P, constant, will indicate fluctuations that correlate well with Where:

barometric fluctuations. In this case, a recording barometer will = Llitﬁ::tr;gg A?V\fg;rcgzlilgted value ofy,,Pin
provide a record of ambient atmospheric pressure from whic B X g
absolute soil-water pressure and pressure gradients can B%P = the elevation of the end of the bubble nearest the

pressure sensor, in centimetres,

determined. The resulting series of absolute soil-water pressurg — is the elevation of the end of the bubble nearest

. . -1 Fc
at the isolated porous cup will be a smoother curve, that will the cup, in centimetres, and

indicate real pressure changes in the water phase. puo = the density of water adjacent to the air bubble, in
5.13 Richardg12) defined the time constant of a tensiom- grams centimetré.
eter as follows: If bubbles are detected and measured, the above correc-
1 tion(s) can be made t®,, as calculated in Eq 5 or Eq 8. Small
TSRS (1) bubbles that cling to the wall of the tubing and do not block the

entire cross-section do not affect the calculated valuB,pf
where:

T = the time constant, or time required for 63.2 % of a 6. Procedure
step change in pressure to be recorded by a tensiom- 6.1 Construction and Applications
eter, when the cup is surrounded by water, in seconds, 6.1.1 The definitions used to describe the quality of a
K. = the conductance of the saturated porous cup, or themeasurement and used in Table 1 to compare types of
volume of water passing through the cup wall per unit tensiometers are given in Section 2.
of time per unit of hydraulic-head difference, in  6.1.2 The operating characteristics of commonly available
centimetré second”, and . tensiometers vary (see Table 1) and they need to be matched to
S = the tensiometer sensitivity, or change in pressurethe specific installation, cost constraints, and the desired
reading per unit volume of water passing through the quality of data collection. Complete tensiometers may be
porous-cup wall, in centimetré purchased from soils and agricultural research companies,
Also, the porous cup conductance may be expressed as: made entirely from parts, or made from parts of commercial

5
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TABLE 1 Tensiometer Characteristics

Commercial Constructed
Characteristic Vacuum Manometer Manometer Pressure Transducer
Gage (Hybrid) Small Diameter Hybrid Small Diameter Hybrid

Accuracy Poor Excellent Excellent Excellent Good to excellent Good to excellent
Precision” Poor Good Good Good Excellent Excellent
Hysteresis Poor Excellent Excellent Excellent Fair to excellent Fair to excellent
Response time Poor to excellent Fair Fair Fair Excellent Excellent
Versatility of appli- Fair Fair Excellent Fair Excellent Fair

cation
Durability Good Good Good to excellent Good Good Good
Purging Seldom Occasionally Often Occasionally Often Occasionally
Recalibration Occasionally Never Never Never Often Often
Data-collection Manual Manual Manual Manual Manual or auto- Manual or auto-

method matic matic
Cost of Five® $260.00 $200.00 $120.00¢ $150.00 $410.00° $440.00°

APrecision (repeatability) is rated for either a wetting or drying cycle to distinguish from hysteresis effects.
BEstimated for five 0.914 m (3-ft) deep tensiometers.

“Does not include cost of deaerating water.

Ppoes not include cost of deaerating water or recording equipment.

units modified to suit the user’'s needs. The advantages and6.1.6 In this guide, a tensiometer with a large diameter
disadvantages of some of the different types are discussed @up-tube assembly connected to the pressure sensor with
the following sub-sections and in Table 1. small-diameter (3.2 mm, for example) tubing is referred to as
6.1.3 Commercially available vacuum-gage-type units (sea hybrid tensiometer (see Fig.ad)(. Hybrid tensiometers, like
Fig. 2()) usually have a large diameter porous cup cementegtacuum-gage tensiometers, have a space at the top of the large
to a rigid plastic tube of equal diameter (19 or 22 mm). Atube to collect air. Hydraulic continuity is not broken, unless air
vacuum gage that indicates from 0 to 100 centibars of tensiobubbles block an entire cross-section of the small-diameter
is screwed into the side of the tube, several centimetres belowbing.
the top. The space between the vacuum gage and the top of the6.1.7 Commercial manometer-type tensiometers commonly
tube is a reservoir for air (the water may or may not beare hybrid types. Almost all of the air that enters the tensiom-
deaerated beforehand) to collect. When the water level insideter through the porous cup collects harmlessly at the top.
the tube approaches the vacuum-gage inlet, the tube cap ltowever, air also tends to be liberated from solution near the
unscrewed and the air space is refilled with water. Soméop of the manometer, where the maximum tension occurs; use
vacuum-gage tensiometers have a large water reservoir coof deaerated water minimizes air production.
nected to the top of the tube with a spring-loaded valve to 6.1.8 A mercury manometer is probably the most accurate
simplify refilling. pressure-sensor commonly used in tensiometers and it never
6.1.4 The advantages of vacuum-gage tensiometers includeeds calibrating (a water manometer, usable only in special
simplicity of use, relatively low cost, and the maintenance of ecases, is more accurate because of a better resolution). Hys-
hydraulic connection between the porous cup and gage, evdarisis in a manometer tensiometer (from surface tension at the
with large quantities of air present. However, this last advaninterface) or pressure-transducer tensiometer is usually much
tage is typically offset by the use of a vacuum gage with dess than that in a vacuum-gage tensiometer. Thus, the hybrid-
resolution of 0.5 centibar (5 cmJ®) and an overall accuracy manometer tensiometer and pressure-transducer tensiometer
of 3 centibars (31 cm kD). Response time is excellent combine fairly maintenance-free operation with excellent ac-
immediately after removing all air, but it slows rapidly as the curacy.
air reservoir fills up. Efforts can be made to minimize thermal 6.1.9 The major advantages of constructing a manometer
effects on the air column by shielding it from the sun. Thetensiometer with small-diameter tubing are the versatility of
construction is fairly durable, but its rigidity can transfer shockonsite application, accuracy, and low cost. Flexible nylon
and actually damage the porous cup, cup-tube bond, dubing can be routed around obstructions, connecting a porous
hydraulic connection with the soil if the top is impacted aftercup to a gage hundreds of feet away. Installation orientation is
installation. Although the tube usually is installed vertically, it limited only by backfilling capabilities. A typical desigi30)
can be inclined to a nearly horizontal orientation as long as themploys two 3.2 mm-diameter (nomiri4tin.-diameter) nylon
zero adjustment of the vacuum gage is made at the samabes cemented with epoxy directly to a 9.5 mm-diameter
inclination. Installations greater than 45° from the vertical are(nominal ¥s-in.-diameter) porous cup (see Fig.aB( The
more likely to have air accumulation problems. water-supply tube is connected via a shutoff valve to a
6.1.5 Avacuum-gage tensiometer is used predominantly fodeaerated water supply and the measurement tube is routed
irrigation scheduling where extreme accuracy is not necessarglirectly to the mercury reservoir. Manometer sensitivilydee
It is not recommended for measurement of unsaturated hydraleq 11) is the reciprocal of the cross-sectional area of the
lic gradienty(33). However, replacement of a standard vacuummanometer tubing; response time is minimized by using
gage with a more accurate, higher-resolution gage, or with asmall-diameter tubing. The design is simple, but the epoxy-
accurate pressure transducer, would improve the usability afylon-tube bond is somewhat susceptible to rupture, from
the tensiometer. differential movement of the nylon tubes. A more robust design
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(see Fig. 3f)) uses a larger porous cup and a metal plate tdure. The resistors are included in a modified Wheatstone
separate the nylon tubes, allowing the epoxy to form a strongdsridge, excited by a regulated voltage (or current) source. The
bead around the tubes. A third design (see Fig))3(ses a output of the bridge is a nearly linear function of pressure that
porous tube, made by cutting the rounded end off a 6.4s independent of temperature; however, all pressure transduc-
mm-diameter (nominglz-in.-diameter) porous cup. One of the ers retain some nonlinearity and a slight temperature depen-
nylon tubes is molded into a “U” shape with heat, to producedence(35). In addition, the zero offset and, to a lesser extent,
the design in Fig. 3. The third design is extremely durable the sensitivity may change with time (known as drift), possibly
and versatile. The porous tube can be purged of air in anyequiring recalibration at regular intervg85). Other sources
orientation, which is not entirely true of desigre éand b). of error are repeatability and pressure and temperature hyster-
6.1.10 Tensiometers tend to collect air bubbles onsite thagsis effects(35). Onsite application determines required
originate from the following: insufficiently deaerated water; air pressure-transducer specifications; for example, gradient-
that diffuses through the water-filled pores of the porous cupmeasurement normally warrants a more accurate transducer
dissolved gases in the soil moisture that flow into the poroughan simple pressure measurement does.
cup during a wetting cycle; and air that diffuses through the 6.1.15 A large degree of accuracy may be achieved in a
tubing material. variety of ways. A sophisticated pressure transducer costing
6.1.11 The major disadvantage of the small-diameter deseven to eight hundred dollars typically has an overall accuracy
signs is that air bubbles can easily block the entire crossef 1 cm H,0, at 23°C, and a temperature coefficient of 0.07 cm
section of the tubing, interrupting hydraulic continuity. Thus, H,O °C*. Without temperature correction, a worst-case error
small-diameter designs require frequent purging of air—(at 0°C) of 2.6 cm HO could result. At the other extreme, a
especially at large tensions. Use of a thick-walled tubingsimple pressure transducer may be purchased for about fifty
decreases diffusion through the tube wall. Some plastics (sudiollars and its output may be corrected for nonlinearity and
as polyethylene) are relatively permeable to air and aréemperature dependence by measuring temperature and apply-
unsatisfactory tubing material. Use of metal tubing almosing a second-order polynomial fit to the measured ¢ae.
eliminates air diffusion through the tube wall, however, otherThe decreased linearity and temperature errors, combined with
adverse affects can occur from the use of materials that haveaatypical repeatability and hysteresis error of 1.5 cyOH
high thermal conductivity. produce a root-sum-square error of 1.8 cmgOH Such a
6.1.12 A hybrid-manometer tensiometer can be constructetiansducer is listed in Table 1. Of course, the same curve-fitting
for two-thirds to three-fourths the price of a commercial unit.Procedure can be applied to a pressure transducer with better
The cost in Table 1 was determined for five “cup-tube kits”repeatability and hysteresis to achieve greater accuracy.
purchased at a supply company and outfitted with a manometer6.1.16 Accuracies determined in the two examples dis-
made from parts. A cup-tube kit consists of a porous cupgussed in 6.1.15 further are degraded by drift or lack of
cemented to a stoppered acrylic tube with a fitting to accept 1.®ng-term-stability. If a long-term-stability specification cannot
mm-diameter (nominal/ie-in.-diameter) manometer tubing. be supplied by the pressure-transducer manufacturer, much of
The manometer tubing extends to the bottom of the acrylithe data collected may be inaccurate. A long-term-stability
tube. The cost could be decreased further by assembling ttepecification is used to determine how often a transducer needs
entire unit from basic parts. to be recalibrated to maintain desired accuracy. A hanging

6.1.13 Tensiometers equipped with pressure transducers a¢elumn of water or mercury (or a calibrated vacuum source) is
well-suited to collect large quantities of data. Measurementgised for initial and then periodic recalibration.
can be made often and recorded automatically by a data logger6.1.17 Air that collects in an automated-tensiometer system
or a strip-chart recorder. The extreme sensitivity of the pressurean be purged manually or automatically at regular intervals
transducer results in the shortest time constant obtainablesing solenoid valves triggered by a data logger. Air collects
making this type of tensiometer ideal for tracking wetting more rapidly when tension is greater; onsite experience will
fronts. However, the extreme sensitivity also results in thedetermine the necessary time interval to maintain desired
transducer becoming susceptible to measuring transien&ccuracy. The time interval can be maximized by using
temperature effect¢34), caused by thermal expansion and horizontal sections of tubing at high points in the system.
contraction of water or air, or both, in the tensiometer. WateBubbles that collect in these horizontal sections do not cause
that freezes inside a pressure-transducer cavity will affect therrors but they do increase the response time.
calibration, and it can rupture the unit. Pressure transducers 6.1.18 Porous cups used in tensiometers remain saturated
(and above-ground connecting tubing) can be enclosed in afuring normal operation. If the difference between air pressure
insulated (and, if need be, heated) shelter or surface pit tgutside the porous cup and water pressure inside the cup
minimize temperature fluctuations. The shelter or plt needs texceeds the bubb“ng pressure of the cup, air will disp|ace the
be located so that it does not disturb the natural flow field at thyater in the largest pores and eventually will enter the interior
porous cup(s). of the cup. The more commonly used tensiometer cups have a

6.1.14 Sensing elements of a typical pressure transducer abpeibbling pressure of 1 bar (1020 cm®). Porous cups with
semiconductive resistors, embedded in a diaphragm that movésibbling pressures of 2, 3, and 5 bars are available, but they
from applied pressure(s). As the resistors shorten or lengtheonly have applications in the laboratory. If onsite tensions are
their resistances change. Inherently, the resistance is a nonliknown to not exceed 0.5 bar, a porous cup with a 0.5-bar
ear function of pressure (or pressure difference) and temper&ubbling pressure can be used to decrease response time.
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However, a better way to decrease response time is by the ugensiometer, but slight bulk flow and diffusive flux do occur
of commonly available, “high-flow” porous cups, made with athat decrease the freezing point of the soil fluid. The osmotic
pore-size distribution that emphasizes the larger pores. (Cost ¢énsiometer probably will work well in frozen soils.
a porous cup is between two and fifteen dollars. Larger porous 6.1.24 Porous cups have been connected directly to pressure
cups are more expensive than smaller ones, and high-flow-cupsinsducers; the internal cavity has been filled with deaerated
are more expensive than standard-flow-cups.) fluid and the entire assembly has been buried in a soil, with no
6.1.19 Specialized tensiometers have been developed twovisions for purging of the fluid19, 32) Although this
address specific onsite problems. Peck and Rabb{@8§¢ approach provides a stable temperature environment, the pres-
extended the upper limit of measurable tension by using aure transducer cannot be recalibrated readily for drift. Also,
reference solution with a low osmotic potential and a poroussoil gas diffusing through the porous cup creates an air pocket
cup coated with a semipermeable membrane. Using a pressuirethe cavity. Because this pocket is at a pressure less than that
transducer, soil-water tensions as large as 153,@ @5 bars) of the soil gas, air will continue to diffuse through the
can be measured. The solution in the tensiometer usually igorous-cup wall, eventually emptying the cup of water. A
under positive pressure, thus decreasing the problem of apurging system is needed for extended undisturbed operation.
invasion. However, the pressure can be quite large and it could 6.1.25 The specialized tensiometers developed thus far have
cause permanent “creep” of the transducer diaphragm. Depeesulted from insight and persistence of researchers faced with
lymerization of the solute and subsequent loss through thparticular problems. Most of these solutions require extra
membrane also could cause creep. Ambient temperature affeaifort, care, and expense; review of the cited report(s) is needed
the osmotic potential directly (as qualitatively predicted bybefore implementation.
van't Hoff's law) and indirectly by causing flow of water .2 |nstallation

through the membrane. Thus, an osmotic tensiometer is valu- g 5 1 continuous hydraulic connection between the porous
able for measuring extremely low matric potentials, but SOme,,; and soif18), and minimal disturbance of the natural flow
sources of measurement error are unique to it. field are essential to collection of accurate tensiometric data.

6.1.20 The U.S. Forest Service developed an inexpensiv@/hen a hole is made to accept the tensiometer, the cuttings
recording tensiometer for use in remote areas where electrigeed to be preserved in the order they were removed if the hole
power is unavailablé31). This instrument can record as much js to be backfilled.
as 1 month of continuous data on a battery-driven raingage ¢ 2 2 Hydraulic connection can be established in several
chart. Oaksford27) designed a unit based on a coaxial wateryays. Commercial tensiometers fit snugly into holes made with
manometer that provides maximum sensitivity at depths ag coring tool (available as a tensiometer accessory) or made
deep as about 6 m. This unit uses a calibrated wire angth standard iron pipe. The porous cup is forced against the
ohmmeter to sense a below-ground, free-water surface insidgs|e bottom and no backfill is used. When the soil is rocky, or
the unit. when a small-diameter tensiometer is installed, a hole larger in

6.1.21 Fluid-scanning switches have been used successfulliiameter than the porous cup is excavated. If the soil at the
(20, 34, 37, 38)to connect as many as 22 tensiometerspottom of the hole is soft, the porous cup may be forced into
sequentially to a single pressure transducer. The approaghe soil. A hard soil sometimes can be softened with water. If
minimizes cost and removes the bias between tensiometetise porous cup will not penetrate the moistened soil, the last
caused by using different pressure transducers. Equally retuttings from the hole need to be used to backfill around the
evant, this network has the capability of measuring a zero andup, either by making them into a slurry or by careful tamping.
a full-scale calibration tension before each scan. This capabila tremie pipe ensures clean delivery of cuttings or slurry to the
ity removes measurement errors from hysteresis, temperatugdttom of the hole. Gaps between the porous cup and soil
dependence, and long-term drift. However, if the pressuréncrease the tensiometer response time by reducing the effec-
transducer fails, data from all its tensiometers are lost. Also, théve area of the porous cup. In the worst case, no hydraulic
scanning switch is made with precise tolerances and it magonnection occurs and the tensiometer will not indicate the
develop leaks over time. soil-water tension.

6.1.22 Another approach to efficient data collection with 6.2.3 If water is used to establish hydraulic connection, the
large numbers of tensiometg®b, 39)is to connect a portable tension adjacent to the porous cup will be reduced, and it will
pressure transducer to each tensiometer using a hypodermiscover asymptotically as the added water is dispersed in the
needle and septum. The needle tip is inserted in an air spae®il. The rate of dispersal will depend on tkésee Eq 1) of the
above the tensiometer fluid. A small change in tensiometesoil and a time series of tension will indicate when natural
pressure is caused by the connection, probably affectingonditions are restored sufficiently.
measurements by a few cm,B. Also, changes in the 624 If vertical profiles or gradients of pressure are to be
fluid-surface elevation, although small, affect measurementgeasured, multiple small-diameter tensiometers can be in-
directly unless the changes are accounted for. stalled in a single hole. Ideally, the original lithology is

6.1.23 A small proportion of water in a frozen soil may duplicated (except that gravel larger than 6 mm in diameter and
remain liquid and, therefore, mobile. Measurement of tensiomobbles and boulders can be removed) by using the cuttings in
in frozen soils can be accomplished using a pressure transduaaverse order for backfilling. A backfill that is more compacted
and ethylene glyco(26) as a tensiometer fluid. The pressurethan the undisturbed soil will tend to shed infiltrating water,
transducer minimizes exchange of fluid between the soil anbut, after a short time, the tension in the undisturbed soil and
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in the backfill will be in equilibrium. A backfill that is less out of the spout immediately, the water reaerates slowly by
compacted than the surrounding soil, or one with excessivdiffusion of air through the container wall. Proper fittings
gaps, will be a conduit for infiltrating water, resulting in should be used to connect the container spout to the tensiom-
abnormally low tensions in the backfill and in the undisturbedeter supply tube. Use of water native to the soil being measured
soil. Therefore, compaction of the backfill to a slightly greaterwill minimize the effect of osmotic potential across the cup on
bulk density than that of the undisturbed soil is desirable. Lesthe measured matric potential.
permeable layers (such as clay lenses) need to be reproduced 06.3.3 Purge a small-diameter tensiometer by connecting the
even exaggerated by importing a fine-grained material. water supply container to the water supply tube and raising it
6.2.5 Deep installation of tensiometers can be accomplishedbove the top of the tensiometer, while opening the supply
by drilling horizontal holes radially from a central caisson hole.valve. Several tensiometers can be connected in a “tee”
This method also preserves undisturbed conditions above ametwork to simplify multiple purging. Purging instructions for
below each porous cup. Backfilling horizontal holes with avacuum-gage and hybrid tensiometers are supplied by the
tamping rod is painstaking. An alternative is to backfill in the manufacturer. These instructions can be modified if use of
vicinity of the porous cup and to fill the remainder of the hole deaerated water is desired. Purging time needs to be short to
with an expanding insulation foam. Pressure transducers wornkinimize wetting of the soil immediately surrounding the
particularly well in caisson holes. If the entire length of tubing porous cup. When purging is complete, the system is closed
connecting the porous cup to the pressure transducer &nd the soil draws water through the porous cup until equilib-
horizontal, air bubbles do not cause errors. Also, the problemium is established. The pressure inside the porous cup
of transducer sensitivity to temperature change is minimizedapproaches the soil-water pressure asymptotically at a rate
because temperature in the caisson hole remains relativetletermined by the time constant and the unsaturated hydraulic
constant. A caisson hole allows use of water manometers faronductivity of the soil. When equilibrium is reached, make the
improved precision because the entire manometer can bmeasurement. Record a single value of pressure when using a
placed below the level of the porous cup. vacuum-gage or pressure transducer; a manometer requires
6.3 Operation measurement of the mercury column and reservoir elevations.
6.3.1 Testing the porous cup, the porous cup-tubing inter- 6.3.4 The most reliable data are obtained by purging a
face, all fittings, and the measurement and recording device(sgnsiometer and allowing it to equilibrate before recording the
before installation, is desirable. After saturating the porous cupneasurement. However, wet soils, lack of wetting fronts, low
apply air pressure to the interior of the tensiometer while thgpermeability tubing, or thoroughly deaerated water tend to
parts to be tested are submersed. If bubbles appear at a gggevent air accumulation for long periods; these conditions,
pressure substantially less than the bubbling pressure of thather singly or in combination permit reliable data collection
porous cup, the unit is faulty and the appropriate parts need taithout purging.
be repaired or replaced. 6.3.5 Dry soils or inadequate manometer design, or both,
6.3.2 Water used in tensiometers is deaerated in a carboy lmccasionally result in mercury being pulled over the top of the
applying a vacuum or heat, or both. Excellent results have beemanometer and into the porous cup. The porous cups shown in
obtained using a pump that generates 970 cy® Macuum  Fig. 3 may be purged of mercury by applying pressure to the
with a heated magnetic stirrer for 48 h. Insufficiently deaeratedneasurement tube, forcing mercury out the supply tube.
water requires frequent onsite purging, or, in the worst caseRressure applied to the top of a hybrid tensiometer will force
allows bubbles to form before a tensiometer has reachethe mercury out the measurement tube.
equilibrium, preventing accurate data collection. The deaerated 6.3.6 Porous cups that are removed from a soil to be reused
water is siphoned (to minimize reaeration) from the carboy tmeed to be washed with warm water to prevent plugging of the
a collapsible plastic container (available at a sporting goodpores. A porous cup with plugged pores possibly can be
store) for onsite use. Although the air above the water is forcedestored by sanding or rinsing in a weak HCI solut{@8).
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