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Abstract. The Granular Matrix Sensor (GMS) is an indirect method for soil suction measurement. Since 

GMS is comparatively inexpensive, robust and usually provide continuous soil suction data, it is a natural 

candidate for civil engineering practice. The sensor has been used mainly for irrigation purposes, and also for 

some civil engineering activities. Questions about its effectiveness and reliability are still posed, making 

studies about this topic desirable. This study presents a laboratory comparison between Watermark and an 

ordinary tensiometer during an equilibrium period and for a wetting procedure performed in a compacted 

sandy silt soil (residual soil of gneiss). The results yielded that GMS may provide tensiometer equivalent 

suction values in a context of no significant water content variation. However, it takes a longer time to obtain 

stabilized suction values. During the wetting procedure, GMS presented a delay of about 2 h in detecting 

water while tensiometer detection was almost instantaneous.

1 Introduction 

Methodologies for in situ suction measurement have been 

one of the challenges for an extensive use of unsaturated 

soil mechanics concepts for practical purposes (Fredlund 

2006 [1]). Besides the development of more sophisticated 

equipment, such as the high capacity tensiometer (Ridley 

& Burland 1993 [2]), simpler and more precise methods 

are still needed for the popularization of suction 

monitoring routines of medium to long-term civil 

engineering works, such as cuts, dams and roads. One 

candidate to meet this need is the Granular Matrix Sensor 

(GMS), an equipment traditionally used during 

agricultural routines for measuring soil suction (). 

 

The GMS uses soil electrical resistivity () to infer soil 

suction. It consists of an electrode embedded in a granular 

matrix surrounded by a synthetic membrane held in a 

stainless-steel case. When the sensor is buried in the soil, 

it equilibrates in terms of pore water pressure with it and, 

as a consequence, the soil suction can be inferred 

indirectly by the electrical resistivity. As can be 

presumed, temperature and water salinity are factors that 

may affect the GMS operation capacity (Jovanovic & 

Annandale 1997 [3]).  

 

The GMS used in this study is the Watermark 200SS 

(Irrometer Co. Riverside, CA, USA). The  measured by 

Watermark is converted into suction by means of a 

calibration function. For Watermark model 200SS, the 

default calibration function is that proposed by Shock et 

al. (1998) [4] at a temperature (T) of 24°C, as indicated 

by the supplier (www.irrometer.com/200ss.html).  

 

The critics of Watermark 200SS in estimating soil 

suction, as well as for its previous model (Watermark 

200), orbit two main points. The first one is its time 

response, which tends to be slow when considering events 

of rapid drying or partial rewetting of the soil (e.g. 

McCann et al. 1992 [5]; Ley et al. 2004 [6]; Muñoz-

Carpena et al. 2005 [7]; Thompson et al. 2006 [8], Mendes 

et al. 2007 [9]). The second one is the default calibration 

that may not represent the actual value of suction. (e.g. 

Irmak & Haman 2001 [10]; Thompson et al. 2006 [8]; 

Cardenas-Lailhacar & Dukes 2010 [11]; Ganjegunte et al. 

2012 [12]; Chávez et al. 2011 [13]). 

 

The use of GMSs for civil engineering practices can be 

said to be still in an early stage when compared with its 

use for agricultural purposes. Note that its use in 

engineering works can involve life risk. Studies using 

GMSs as instruments for suction monitoring in 

engineering works advanced mainly in themes such as 

landslides and slope stability (e.g. Mendes 2008 [8]; 

Napolitano et al. 2016 [14]; De Vita et al. 2018 [15]), 

stability of temporary trench (Whenham et al. 2007 [16]) 

and also embankments monitoring (Bicalho et al. 2018 

[17]). Furthermore, some tests have already been carried 

out on the use of GMSs for estimating the soil water 

retention curve both in laboratory (Chard 2005 [18]) and 

in field (Jabro et al. 2009 [19]). However, questions 

associated with the long-term stability of GMS calibration 

functions, besides its sensitivity to soil salinity, still 

allows that criticisms regarding to the reliability of suction 

estimates performed by GMSs continue to be made 

(Fredlund et al. 2012 [20]). 
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Considering the information presented, initiatives that try 

to understand GMS responses are still desirable. Besides 

their limitation in the estimation of  as an indirect 

method, their relatively inexpensiveness (Ley et al. 2004 

[6]), robustness, and also simple handling characteristics 

turns them natural candidates for appropriate equipment 

for continuous in situ suction measurement of civil 

engineering works. Aiming to contribute to the 

knowledge about GMSs in suction measurement, this 

study presents a laboratory experiment comparing GMS 

measurements with the ones provided by an ordinary 

tensiometer (i.e. a direct suction measurement method). 

2 Materials and Methods 

The laboratorial experiment performed consisted in 

monitoring suction values before and after a soil wetting 

procedure by means of Watermark 200SS sensors with 

default calibration and an ordinary vacuum tensiometer. 

 
A gneiss residual soil was initially sampled from the 

experimental site of the Universidade de São Paulo in the 

city of São Paulo (southeast Brazil). As a characteristic, 

these residual soils are composed mainly by sandy silts 

derived from the weathering process of the Embu 

Complex (Precambrian) gneiss rocks (Lemos & Marinho 

(2018) [21]). Since residual soils tend to present 

heterogeneities, the sampled material was let to dry under 

ambient conditions, then crushed, mechanically mixed 

and sieved (#4 - 4.75 mm). The resultant material was 

composed mainly by silt ( 78%) and sand ( 22%) 

particles as presented by Orlando (2015) [22]. 

 

A wooden box with internal dimensions of 27.5 cm by 

27.0 cm and 28.5 cm height was built to act as the 

container for soil compaction. Additionally, the internal 

faces of the wooden box were painted with acrylic paint 

aiming to offer some buffer against water absorption. The 

soil previously dried and homogenized was then 

rehydrated and homogenized at a gravimetric water 

content of 27.2%, which based on the soil water retention 

curve (SWRC) presented by Orlando (2015) [22], should 

return a matric suction value of about 100kPa. Finally, the 

material was carefully compacted inside the wooden box 

up to the height limit of 25.0cm, resulting in a dry specific 

weight (d) of 12.6 kN/m³. 

 

During the controlled compaction process, three 

Watermark 200SS sensors were installed at different 

depth, these being 6.0 cm (S1), 12.5 cm (S2) and 18.9 cm 

(S3) from the surface of the compacted soil. The default 

Watermark 200SS calibration with no temperature control 

was adopted, which means using the Shock et al. (1998) 

[4] function at a temperature of 24°C.  

 

The schematic representation of the physical model used 

in the laboratory, as well as the sensors arrangement, are 

presented in Figure 1. Before its installation, the GMS 

was put under water overnight and then allowed to dry for 

about 8 h and re-soaked overnight. The GMS was placed 

while the soil was compacted. An ordinary analogic 

tensiometer was installed at the middle height of the box 

(i.e. 12.5cm), between Watermark sensors S1 and S2. The 

tensiometer was chosen to be the suction measurement 

reference sensor, since it is a direct and more accurate 

method. After compaction, the top of the box was sealed 

using aluminum foil aiming to reduce water evaporation.  

 

 
Fig. 1. Schematic representation of the physical model and 

arrangement of the sensors. 

The system was let to rest for about 120 h promoting pore 

water pressure equilibrium of the compacted soil as well 

as equilibrium of Watermark sensors, which would need 

a longer time for stabilization than the tensiometer. The 

suction values were registered continuously and 

automatically by the Watermark 200SS system every 5 

minutes. A tensiometer (T1) was installed about 3 h after 

the compaction. The tensiometer readings occurred 

systematically over the first 2 hours. Sixty hours later, the 

reading was 67 kPa, but the tensiometer presented a great 

amount of air. A new tensiometer (T2) was installed 98 h 

after the beginning of the experiment.  

 

The wetting procedure consisted of a direct and slow 

pouring of 320 ml of water over the compacted soil. This 

procedure was carried out after almost 120 h of the soil 

compaction and monitored for 14 days after the water was 

placed over the soil. The results of the equilibrium period, 

prior to inundation are analyzed next, together with the 

reaction of the sensors to the infiltration of water. 

 

3 Results and discussion 
 
3.1 Initial monitoring  
 

During the compaction of the soil within the box, the 

GMS was already registering the suction. The tensiometer 

was installed after the compaction was concluded. The 

monitoring of the GMS (S1, S2 and S3) and of the 

tensiometers (T1 and later T2) are presented in Figure 2 
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for the first 120 h after the soil compaction procedure. 

Tensiometer T1 was installed about 3 h after the first 

record of the GMS. 

 

Figure 2 presents the increase in suction with time for the 

GMSs and tensiometers. For the first six hours, the rate of 

increase in suction of GMS S1 and S3 was approximately 

7 kPa/h. With GMS S2, with a higher rate of 9 kPa/h. 

After that, the rate dropped to approximately 0.2 kPa/h for 

all GMSs. 

 

The measurement with the tensiometer was performed 

during the first two hours and the rate of increase in 

suction in the first 5 minutes was 400 kPa/h. 

Unfortunately, the next reading for the tensiometer was 60 

h after the beginning of the test and the system presented 

a large amount of air, registering a suction of 66 kPa. The 

results suggest that the system was not completely sealed, 

since suction continued to increase without any indication 

of stabilization. 

 

As can be seen in Figure 2, after 120h, the deepest GMS 

sensor (S3) registered the lowest suction value while the 

most superficial one (S1) recorded a lower suction than 

the middle sensor (S2). This is an unexpected behavior 

and suggests that, at least for small dimensions models, as 

the one analyzed, the expected gradation of suction values 

with depth (i.e. higher at the top and lower at the bottom) 

may not be properly detected by GMS. The maximum 

difference registered between GMS sensors was of about 

10 kPa (S2 and S3). 

 

The average suction registered by the GMS before the 

water pouring stage was of about 67 kPa (t = 120 min). 

When comparing the value tensiometer T2 gave at the 

same time (i.e.  72 kPa), it was almost the same as that 

registered by GMS S2, albeit 8% and 14% lower than 

GMS S1 and GMS S3, respectively.  

 

Figure 3 presents the soil water retention curve (SWRC) 

for the soil obtained by Orlando (2015) [22] and the 

suction measured by the tensiometer and GMS (average 

value) when t = 120 min as the compaction water content 

in the present experiment. The value plots are observed to 

be below the SWRC. It may be a point at a scanning curve, 

between the primary drying curve and the primary wetting 

curve. 

 

3.2 Monitoring the wetting process 
 

Figure 4 presents the data obtained after the pouring of 

320 ml of water on top of the compacted soil, as described 

before. Water infiltrates slowly and each sensor detected 

it at different time. The time sensors detect water was 

defined here as the time needed for a 1 kPa suction drop 

after the water pouring. The reaction of the tensiometer 

(T2), located below 6 cm, was practically instantaneous, 

being less than 5s. This may suggest a preferential flow 

between the tensiometer tube and the soil. For the GMS, 

as expected, the deeper was the sensor, the longer was the 

time it needed to detect the water, since the water flux is 

ruled by the soil water permeability. It varied from 2 hours 

(S1 at 6.0 cm) to about 3h (S3 at 18.9 cm) as can be seen 

in Figure 5, which highlights the first 30 hours after the 

water pouring.

 

 
Fig 2. - Time response before the wetting procedure 
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Fig. 3. Soil water retention curve detailing 

 
Fig. 4. Suction comparison during the wetting procedure 

 
Fig. 5. Sensors reaction after the first minutes of water pouring 
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As can be seen in Figure 5, the most superficial 

Watermark sensor S1 (6.0 cm) registered 34 kPa as the 

lowest suction value after water pouring, while sensors S2 

(15.5cm) and S3 (18.9cm) registered 47 kPa and 41 kPa, 

respectively. The time for the GMS S1 to reach its lowest 

suction value was observed to be approximately 5 h, while 

sensors S2 and S3 took 15 h and 26 h, respectively. The 

minimum suction values registered could imply that the 

soil would not saturate at those points, since the air entry 

of the soil is lower than these values.  Tensiometer (T2), 

however, almost immediately dropped to about 0 kPa and, 

as quickly as before, returned to 24 kPa.  

 

Based on what has been presented, we can say that there 

is a blind zone in the monitoring with the GMS when the 

topic is the minimum suction value the soil could reach 

during a water infiltration process. The time response to 

water detection of GMS is of the order of 2 h. That is, the 

sensor only detects the variation in suction due to the 

presence of water after 2 h of the effective reduction. 

Furthermore, the two-hour response time does not mean 

that the sensor already measures the actual suction value, 

but only stared the process of registering any suction 

change. 

 

Preliminary numerical analyses for the experiment 

suggests that the time for sensors S1, S2 and S3 to detect 

suction reduction due to water would be of 0.5 h, 4 h and 

12 h, respectively. However, the numerical analysis 

nowadays requires adjustments and will be presented in 

future projects.  

 

4 Conclusion 
 
The main conclusions of the study are summarized as 

follows: 

 

-The response time of GMS is of at least 2 hours. It 

suggests that Watermark may not be suitable for instant 

suction measurement or to short-term investigation of 

engineering works. This is valid especially for situations 

of risk to human life, such as stability of slopes in urban 

areas, where this information would be used to trigger 

emergency evacuations. 

 

-After the GMS stabilization, however, the suction 

recorded may be quite similar from that recorded by the 

tensiometer even with no specific calibration or 

temperature monitoring. It suggests that, even a “direct 

from box” GMS utilization may bring satisfactory results 

in suction measurements if the stabilization time is 

respected. This may be useful for long-term investigation 

of engineering works. 
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