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Measuring Hydraulic  
Conductivity to Wilting Point 
Using Polymer Tensiometers  
in an Evaporation Experiment
The polymer tensiometer is a novel instrument to measure soil water pressure heads from 
saturation to permanent wilting conditions. We used tensiometers of this type in an experi-
ment to determine the hydraulic properties of evaporating soil samples in the laboratory. 
Relative errors in the hydraulic conductivity function in the wet part were high due to the 
relatively low accuracy of the pressure transducers, resulting in a large uncertainty in the 
hydraulic gradient and therefore in the calculated hydraulic conductivity. In the dry part, 
the error related to this accuracy was on the same order of magnitude as the error related 
to balance accuracy. Therefore, the method can be assumed adequate for measuring soil 
hydraulic properties except under very wet conditions. In our experiments, relative error 
and bias increased significantly at pressure heads less negative than −1 m.

Abbreviations: POT, polymer tensiometer.

Determining soil hydraulic properties is important in research not only in soil 
physics, hydrology, and meteorology, but also in ecology and agronomy if plant growth 
is water limited. To make good predictions of subsurface water flow and vegetation tran-
spiration, an accurate knowledge of soil hydraulic properties (hydraulic conductivity and 
water retention as a function of water content) is required (Šimůnek et al., 1998; Schneider 
et al., 2006).

Many methods are available to determine soil hydraulic properties. One of them is the 
evaporation method applied to soil columns (Wind, 1968; Schindler, 1980; Tamari et al., 
1993; Wendroth et al., 1993; Arya, 2002). The method is interesting given its relative sim-
plicity and small data demand. The nonlinear distribution of water content and pressure 
head profiles in the soil columns during such evaporation experiments defines the optimum 
number of tensiometers and depths of installation (Peters and Durner, 2008). Schindler 
et al. (1985) proposed modifications to the original method of Wind (1968), measuring 
soil water pressure head at only two depths and observing the total sample mass during 
the experiment. They were able to determine the water retention and hydraulic conduc-
tivity functions for soils with a wide range of textures. Schindler et al. (2010) presented a 
new experimental design based on tensiometers that allow measurement to much higher 
tensions, up to values on the order of 40 m. They presented results for several soil types.

Stolte et al. (1994) compared application ranges and results for six laboratory methods 
for determining hydraulic conductivity or diffusivity and concluded that using the Wind 
method for field samples yields results similar to drip and crust experiments. The pressure 
head h(q) and hydraulic conductivity K(q) functions are both obtained on the same sample 
and the equipment and setup are simple (Arya, 2002). The requirement that samples must 
be of homogeneous hydraulic properties cannot be assured, however, when working with 
natural, undisturbed samples. In addition, the assumption that any measured pressure head 
h and water content q pairs apply uniformly to a tensiometer compartment may not be 
strictly true when a compartment’s thickness is large, and especially when steep gradients 
develop during the evaporation process. Mohrath et al. (1997) listed a number of error 
sources for the Wind method, which included errors due to uncertainties in the position of 
the tensiometers in the sample, temperature, calibration of the pressure-transducer system, 
and layering in the soil column.

Polymer tensiometers are able to 
measure soil water pressure heads 
even under very dry conditions. We 
used these tensiometers to deter-
mine hydraulic properties of soil 
samples. The method was success-
ful, except under very wet conditions 
when pressure heads were greater 
than −1 m.
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One of the limitations of the method, the tensiometer measure-
ment range characteristics, generally limited its application to 
the pressure head range of 0 to −9 m, extended by Schindler et 
al. (2010) to 0 to −40 m. Recently, a novel type of tensiometer 
(a polymer tensiometer, POT) has been developed (Bakker et al., 
2007; van der Ploeg et al., 2008; de Rooij et al., 2009). It is capable 
of measuring soil water tension in an extended range, compared 
with that used by Schindler et al. (2010), from 0 to −200 m. The 
use of POTs in the experimental setup of an evaporation experi-
ment may allow the simultaneous measurement of soil hydraulic 
properties across the entire range of water contents of interest for 
ecologic and agronomic studies.

We adapted the Schindler et al. (1985) method for use with POTs 
and determined the accuracy of the method based on a test per-
formed to hydraulically characterize material from a Brazilian 
Inceptisol (an Aquept).

 6Materials and Methods
Method
Considering quasi-steady-state conditions and water content 
decreasing linearly with depth in a sample, analogously to 
Schindler and Müller (2006), the soil hydraulic conductivity 
K (m s−1) at a pressure head h (m) of soil material packed in an 
evaporating vertical column of height L and equipped with two 
tensiometers at depths z1 and z2 is calculated following the Darcy–
Buckingham equation:
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where h refers to the linearly averaged pressure head across the 
upper and lower tensiometers, Dt (s) is the time interval of obser-
vation (from t1 to t2), VE (m3) is the evaporated soil water volume 
during the interval, A (m2) is the cross-sectional area of the sample, 
and Ñ is the mean hydraulic gradient in the interval, given by
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where Dz = z2 − z1. 

Experiment
Soil material from the surface layer of an Aquept (30% clay content) 
was collected at an experimental site located in the municipality 
of Piracicaba, Brazil (22°42¢ S, 47°38¢ W), air dried, and sieved 
through a 2-mm mesh. A polyvinyl chloride ring (0.07 m high, 
0.151-m i.d., surface area A = 1.79 ´ 10−2 m2; Fig. 1) was filled 
with the air-dry and sieved soil material and slowly saturated with 
water from bottom to top by imbibition from a shallow layer of 
tap water.

After that, the bottom was carefully sealed with Parafilm M labo-
ratory film and polymer tensiometers were horizontally inserted 
through openings in the ring at 0.02 (z1) and 0.05 m (z2) from the 
sample surface. To do so, a hole to fit the tensiometer cup was made 
in the saturated soil in the ring.

For the values z1 = 0.02 m and z2 = 0.05 m, z1 + z2 = L, and Eq. 
[1] simplifies to
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The polymer tensiometers were of similar design and properties as 
those used by van der Ploeg et al. (2008) and de Rooij et al. (2009) 
with a measurement range of 0 to more than −1.6 MPa and an 
accuracy of 2.0 kPa or approximately 0.204 m across this range. 
All POTs were filled with Praestol 2500 polymer. The polymer 
mass and the saturation pressure (hsat, m) of the four POTs used 
in the experiments are presented in Table 1. The lowest pressure 
head that can be registered by a POT (hmin, m) is

min sat cavh h h=- -  [4]

Fig. 1. Schematic representation of the ring and polymer tensiom-
eters (POTs) used in the modified evaporation setup (dimensions 
in millimeters).

Table 1. Polymer mass and saturation pressure of polymer tensiometers 
(POTs) used in evaporation experiments.

POT Exp. Depth Polymer mass Saturation pressure at 15.6°C

kg m

A1 I and II z1 1.03 ´ 10−4 179.9

A2 I and II z2 1.95 ´ 10−4 159.3

B1 III z1 0.43 ´ 10−4 127.2

B2 III z2 0.93 ´ 10−4 168.0
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where hcav (m) is the cavitation pressure of about 8 m. When 
the soil pressure head falls below hmin, the POT cavitates like a 
normal tensiometer.

The ring with soil material and POTs was placed on a precision 
balance (Mettler PJ4000, Mettler-Toledo Inc., Columbus, OH; 
capacity 4.1 kg, resolution 10−4 kg) and evaporation was allowed 
to start from the top surface. The laboratory was kept at a con-
stant temperature (15.6°C) and relative humidity (55%). Pressure 
heads and total mass were automatically recorded every hour (Dt 
= 1 h). The measurements continued until the upper tensiometer 
reached its suction limit of around −150 m. During the first days 
of the experiments, POT observations showed large fluctuations 
and frequently indicated a higher hydraulic head at the upper ten-
siometer than at the lower one, indicating a downward flow. Data 
from these periods were not used for the analysis.

For each observation interval, VE was calculated based on the 
sample mass change Dm (kg):

E
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r
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where rw (kg m−3) is the density of water.

The average h at each interval was registered from tensiometer read-
ings. At the end of the measurement, the residual volumetric water 
content was determined by oven drying at 105°C. The water con-
tent (q, m3 m−3) for each interval was calculated from the sample 
mass change. Together with the respective value of h, these were 
used to establish the water retention curve. The hydraulic conduc-
tivity for each observation interval was calculated by Eq. [3].

To the experimental data, the K–q–h relations described by van 
Genuchten (1980) were fitted:
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where Q = (q − qr)/(qs − qr), in which q, qr, and qs are water con-
tent, residual water content, and saturated water content (m3 m−3), 
respectively, h is pressure head (m), K and Ksat are hydraulic con-
ductivity and saturated hydraulic conductivity, respectively (m d−1), 
and a (m−1), n, and l are empirical parameters.

To allow a better analysis of the method, the experimental proce-
dure was followed three times in a row (Exp. I, II, and III).

Error Analysis
The total error e in the K(h) calculation can be estimated by error 
propagation analysis. Error propagation in addition and subtrac-
tion, multiplication, and division is given by, respectively,
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Applying these rules to Eq. [3] yields
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Focusing on the error introduced by POT, pressure transducer, and 
balance inaccuracy only (hence, supposing eDt and eA to be zero), 
combining Eq. [9] and [10] results in
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And the relative error is
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Each observation of pressure head h contains an instrument error 
ei, which, for the pressure transducers in the POTs, is 2.0 kPa or 
approximately 0.204 m (van der Ploeg et al., 2008). Error propaga-
tion in Eq. [2] using Eq. [8] yields
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The resolution of the balance is 10−4 kg, hence the imprecision in 
mass determinations was em = 5 ´ 10−5 kg. The error propagation 
in Eq. [5], determined using Eq. [8], is
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The combination of Eq. [11], [13], and [14] yields
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or, relative to K(h),
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 6Results and Discussion
Evaporation Experiment
Soil bulk density and total porosity for Exp. I, II, and III are pre-
sented in Table 2. During Exp. III, the bulk density was higher 
than during the first two experiments. Differences in bulk den-
sity are inherent to the method by which the rings were filled 
with soil; however, these differences are not relevant for the pur-
pose of the experiment.

The difference in pressure heads between the upper and lower 
tensiometers was small during the first part of the experiments 
(Fig. 2). During this first stage, water evaporated at a constant rate 
because it was limited mainly by the energy supply to the surface as 
well as by the water vapor saturation deficit in the laboratory, both 
relatively constant in the controlled environment. The subsequent 
stage, called the falling-rate stage, was characterized by decreasing 
water movement to the evaporation sites near the surface, con-
trolled by flow-limiting soil hydraulic properties (Suleiman and 
Ritchie, 2003). In this falling-rate phase, the pressure head differ-
ence between the upper and lower tensiometers increased.

Schindler et al. (2010) showed that the linearization assumption 
is valid up to the dry end (they measured tensions up to 40 m) for 
most soils they evaluated. They pointed out less agreement only for 
soils with a clayey texture. These results justify the use of lineariza-
tion (assumed in Eq. [1] and [2]) for our (medium-textured) soil.

Considering the three experiments, the mass variation ranged 
from 0.0216 to 0.0244 kg d−1 or 0.90 to 1.02 g h−1. The 

falling-rate phase started around Day 12 for Exp. I and II, but 
much earlier (around Day 3) for Exp. III (Fig. 2). This may have 
been caused by a lower initial q in Exp. III due to the higher 
bulk density (Table 2). Consequently, different conductivity and 
retention properties may also have caused differences in the soil 
water dynamics in the sample.

Water Retention and Hydraulic Conductivity
The obtained water retention data are shown in Fig. 3, together 
with the fitted Eq. [6]. Fitting parameters are shown in Table 
3. The variability of observations was greater for pressure heads 
above −1 m. This variation resulted from the POT instrument 

Table 2. Soil bulk density and total porosity (considering particle den-
sity of 2650 kg m−3) for evaporation experiments.

Exp. Bulk density Total porosity

kg m−3 m3 m−3

I 1407 0.469

II 1352 0.490

III 1655 0.375

Fig. 2. Pressure head h as a function of time as observed in the evaporation experiments at depths z1 and z2.

Fig. 3. Water content as a function of pressure head obtained from 
the evaporation experiments (Exp. I, II, and III, dots). Lines represent 
fitted Eq. [6].

Table 3. Values of residual and saturated water content (q r and q s, 
respectively), saturated hydraulic conductivity (Ksat), and empirical 
parameters a , n, and l used to fit Eq. [6] and [7] for the evaporation 
experiments.

Exp. qr qs a n Ksat l

m−1 m d−1

I 0.1362 0.3085 2.5594 1.4463 0.2539 ´ 10−3 −4.090

II 0.1416 0.4565 4.1825 1.6450 1.984 ´ 10−3 −3.233

III −0.1316 0.2360 0.0996 1.0811 2.804 ´ 10−3 −9.229
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error (±0.204 m), which became more significant for less nega-
tive values of h.

The retention curve for Exp. III differed from those for Exp. I and 
II, having higher water contents at more negative pressure heads 
and lower water contents for less negative pressure heads. This is 
in agreement with the higher bulk density and lower total porosity 
observed in Exp. III.

The data for the hydraulic conductivity as a function of pres-
sure head are shown in Fig. 4 for Exp.  I, II, and III, together 
with the fitted Eq. [7]. The shape of the observed K(h) values 
is an approximately straight line on a log–log scale, as expected 
on the basis of descriptive functions (e.g., Brooks and Corey, 
1964). The van Genuchten (1980) equation also shows a good 
fit to the data.

Substituting the values for our experiment, em = 5 ´ 10−5 kg, ei 
= 0.204 m, rw = 1000 kg m−3, and Dz = 0.03 m, into Eq. [16] 
results in
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The relative error in K(h) calculated by Eq. [16] or [17] is shown 
in Fig. 5 and decreases with increasing absolute pressure head. In 
Fig. 6, relative errors due to mass and pressure head determination 
are plotted as a function of pressure head. With hourly values of 
VE of about 1.10−6 m3, the first term on the right-hand side of 
Eq. [17], corresponding to the imprecision of sample mass obser-
vations, yields around 0.1. Additionally, Eq. [17] shows that for 

Ñ/VE > 27.2 ´ 107 m−3, the relative error due to pressure head 
measurement becomes smaller than the contribution due to the 
error in mass determination. As can be seen in Fig. 6, this occurs 
at pressure heads of about −4, −10, and −40 m in Exp. I, II and 
III, respectively.

Substituting A = 1.79 ´ 10−2 m2, Dt = 1 h = 0.04167 d, and Ñ/VE 
> 27.2 ́  107 m−3 into Eq. [3], it follows that Ñ/VE > 27.2 ́  107 m−3 

corresponds to K(h) < 2.46 ´ 10−6 m d−1. In Fig. 4, this value of K 
can be confirmed to correspond to the aforementioned pressure heads.

Large errors at or near saturation due to uncertainties in estimating 
small hydraulic gradients have also been described by Wendroth 
et al. (1993). They demonstrated improvement of the method near 
saturation by increasing the initial evaporation rate using a fan.

Fig. 6. Relative error in hydraulic conductivity due to the determination of sample mass (weighing) and due to pressure head determination using 
polymer tensiometers for Exp. I, II, and III.

Fig. 4. Hydraulic conductivity as a function of pressure head obtained 
from the evaporation experiments (Exp. I, II, and III, dots). Lines rep-
resent fitted Eq. [7].

Fig. 5. Relative error e in hydraulic conductivity functions K(h) for the 
evaporation experiments (Exp. I, II, and III).
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 6Conclusions
Polymer tensiometers allowed the determination of soil hydrau-
lic functions by the evaporation method across a wide range of 
pressure heads. Relative errors in K(h) determination in the wet 
part were high due to the relatively low accuracy of the pressure 
transducers. In the dry part, the error related to this accuracy was 
of the same order of magnitude or smaller than the error related 
to balance accuracy.
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