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ABSTRACT: In the foam shield tunnelling method, the foams made by special foaming solutions were injected into the chamber of 
the shield machine to increase the fluidity of the excavated soils and reduce the permeability of the ground at the cutting face. With the 
foam added to saturated ground (foam conditioned (FCed) ground), the ground becomes a special unsaturated condition, where many 
micro bobbles exist in the void of soil particles compared with the continued air phase in the normally unsaturated condition. It is 
expected that the permeability of the FCed soil would decrease since water flow paths decrease similarly to the case of normally 
unsaturated soil. However, no one, as far as the authors surveyed, has evaluated the permeability of FCed soils (foam flows together 
with water was studied in the past, but degree of saturation changed during the flow and thus was not the real permeability). In this 
paper, we developed an advanced permeameter for FCed soils, where the membrane filter technique was used to measure both suction 
and the hydraulic pressure actually applied to the tested specimens. It was found that suction significantly dreased from 2 kPa for 
normally unsaturated Toyoura sand to 0.3 kPa for FCed case under the same degree of saturation. On the other hand, hydraulic 
conductivity of FCed Toyoura sand was initially slightly higher, but later dreased to a much lower value compared to that of normally 
unsaturated Toyoura sand. The mechanism of the permeability change of FCed soil was expected to be the movement or breakage of 
foams with time. Though the number of tests is limited in this study, it would be the first time to reveal the particular behaviors of the 
FCed soils. 

KEYWORDS: Foam shield tunnelling method, unsaturated soil, Foam conditioned soils, permeability, suction, sands. 

 
1 INTRODUCTION 

Foam shield tunnelling method has been commonly used in Japan 
since 1980s in shield tunnelling projects, where the foams, with a 
diameter of a few hundred m foamed by special foaming 
solutions (examples from Takahashi et al. 2024 is shown in 
Figure 1), were injected into the chamber of the shield machine, 
which can increase the fluidity of the excavated soils and reduces 
the permeability of the ground at the cutting face (STAJA, 2025.). 
As can be imagined with the knowledge of the unsaturated soils, 
permeability decreases when the saturated ground was desaturated 
by adding foam, however, most permeability tests on the foam-
conditioned (FCed) soils are apparent permeability, where water 
flows into the specimen and it flows out together with foams (e.g. 
Borio and Peila 2010). It would be the first time as far as the 
authors reviewed to report the true permeability of FCed soils with 
an advanced permeameter, which helps to understand the behavior 
difference between FCed soils and the normal unsaturated soils. 
Meanwhile, suction characteristics of FCed soils were also 
evaluated.  

 
Figure 1.  Example of foam used for foam shield tunnelling (after 
Takahashi et al. 2024). 

2 TESTING PROGRAMS 

Suction (S) of FCed soils was measured by the apparatus in 
Figure 2, where a membrane filter (MF, pore size: 0.45 m, 
thickness: 0.14 mm) was fixed to the base plate with a metal plate 
and a pressure sensor was connected to the water channel beneath 

the MF. Such a membrane filter technique to measure suction has 
been developed by Nishimura et al. (2012) and Wang et al. (2017) 
Before the test, the system beneath the MF was saturated and the 
pressure sensor was zeroed with a water head level at the MF 
surface. Then, the specimen mold was mounted on the base plate 
and the FCed soil was poured into the mold stepwise while gently 
stirring the soil to reach uniform state. Lastly, the cap was covered 
with the outlet opening to the atmosphere and the water pressure 
(pt) was measured by the pressure sensor. Two sands were used to 
measure S, silica sand (specific gravity Gs: 2.66, median diameter 
D50: 0.5 mm) and the Toyoura sand (Gs: 2.64, D50: 0.2 mm) both 
of which are of 0% fines content and poorly graded sands.  

 
Figure 2. Apparatus for suction measurement. 

For each soil, an unsaturated and some FCed specimens were 
prepared with a degree of saturation (Sr) of ~35% (see Table 1, 
soil type was indicated by test ID with Sil for silica sand and Toy 
for Toyoura sand). For unsaturated specimens, soil and water were 
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directly mixed and they were prepared by moisture tamping with 
several layers. For FCed soils, a specifically developed surfactant 
(KN-foam) was first diluted to a concentration (C) of 5%, then it 
was foamed to a specific foaming ratio (Rfm, a ratio of apparent 
volume after foaming to that before foaming). The maximum 
(Dmax) and median (D50)  bubble sizes are about 200 m and 100 
m, respectively (Figure 1). At the last, the foam was added to the 
initially water-wetted sands with a target volumetric foam content 
(fm=volume of foam/volume of specimen ×100%) of 15%. Since 
devices for foaming were changed, Rfm of the two sands was 
different. And since fm changes with the specimen dry density 
(d), the actual fm also varied from the target value. The density 
of KN-foam after dilution was very close to water and thus the 
apparent water content (w*: mass of water and foam/ mass of soil) 
was calculated to be ~16% for all specimens. To check test 
repeatability and effect of specimen height (H), several identical 
specimens for different H were prepared. 

Table 1. Test conditions for suction measurement tests. 
Test ID Rfm fm  

(%) 
d  
(g/cm3) 

Sr  
(%) 

w*  
(%) 

H  
(mm) 

S_Sil_Uns - 0 1.22 35.5 15.9 50 
S_Sil_Fm 20 14-19 1.16-

1.23 
33-
37 

15.9 50, 500, 
1000 

S_Toy_Uns - 0 1.20 35.5 16.0 50 
S_Toy_Fm 13.4 16-23 1.17-

1.24 
34-
38 

16.2 50, 100, 
200 

Table 2. Test conditions for permeability tests. 
Test ID Rfm fm  

(%) 
d  
(g/cm3) 

Sr  
(%) 

w*  
(%) 

H  
(mm) 

K_Toy_Uns - 0 1.46 39.9 12.2 100 
K_Toy_Fm1 13.4 6.2 1.15 39.6 19.5 100 
K_Toy_Fm2 13.4 6.2 1.12 37.0 18.9 100 
K_Toy_Fm3 13.4 6.2 1.17 41.0 19.4 100 

 

 

 
Figure 3. Apparatus for the permeability test. 

The permeability tests were conducted using a newly developed 
apparatus in Figure 3, where an acrylic pipe as the specimen mold 
was sandwiched between two stainless steel plates. In each plate, 
a central opening and a donut shape channel were designed, where 
the former one was for water pressure measurement of the 
specimen and the latter one was for water seepage. The membrane 
filter (pore size: 5 m) were fixed by simply double-sided tape 
which was a recently developed technique (Wang, 2025). Though 
the membrane filter can be sealed and fixed firmly by the metal 
plate (e.g. Figure 1), a large area was occupied by the plate 
resulting a very small area for seepage (only 16% of the area was 
left for seepage in Wang et al. 2020), and it becomes very 
complicated to design a center opening for pressure measurement 
(e.g. Ishikawa et al. 2010). For seepage, a Mariotte’s bottle (e.g. 
Tan Tian et al. 2019) was connected to the top plate for water 
supply and the water outlet tube at the base plate was fixed to a 
bottle to collect water outflow, by which a constant total hydraulic 
pressure difference (pS1-S4) was achieved and monitored by two 
pressure sensors (S1 and S4). Another two sensors (S2 and S3) 
were connected to the central water openings to measure the 
pressure difference between two ends of the specimen (pS2-S3). 
Four specimens of Toyoura sand with Sr of about 40% at the end 
of the seepage were prepared (Table 2), one is unsaturated 
condition and the other three are technically identical FCed 
specimens to check the result repeatability. The unsaturated 
specimen with d larger than that of FCed specimens was prepared 
for comparison with past studies and d effect on the permeability 
will be evaluated in the further studies.  

3 TESTING RESULTS 

3.1 Suction measurements 

Figure 4(a) shows pt of unsaturated and FCed silica sand 
specimens. For all specimens, pt immediately changes once the 
specimens were placed on the base plate and the values stabilize 
during the measurement (15 s). A negative pressure of -0.8 kPa 
was observed for the unsaturated specimen, while pt changes to 
positive and increases as the increase in H. Additionally, pt varies 
among identical FCed specimens particularly for the ten H=50 
mm specimens. This variation would be induced by insufficient 
saturation of the water path from the base plate to the pressure 
sensor, to which the 1/4-inch joints and steel pipes to connect the 
pressure sensor were used originally (Figure 5). They were 
changed to smaller 1/8-inch joints and nylon tube for tests on 
Toyoura sand specimens. The results of four identical Toyoura 
sand specimens of H=50 mm in Figure 4(b) show a very good 
repeatability. Similar as the silica sand case, a negative pt value 
for the unsaturated specimen, and positive values for FCed 
specimens were also observed for Toyoura sand specimens. The 
changing pt with H is induced by the fact that pt is the summation 
of the pore water pressure (uw= -S if pore air pressure is zero) and 
the overburden pressure (pb) which is generated by the gravity of 
pore water from the specimen top surface to the height for sensor 
zeroing (i.e. bottom of the specimen). As uw generally keeps 
constant under a constant water content, pt thus changes with H in 
a slope of 9.81 kPa/m theoretically (Wang, 2025). Figure 6 shows 
the relation between H and pt measured in this study, which shows 
a slope of 11.4 kPa/m for silica sand and 9.59 kPa/m for Toyoura 
sand close to the theoretical value. The correlation lines were 
extended to H=0 mm and the intercepts of 0.4 kPa for silica sand 
and -0.3 kPa for Toyoura sand specimens are uw values, which 
implies FCed Silica sand would have no and Toyoura sand would 
have very small suction comparing to their corresponding 
unsaturated conditions. The suction magnitude decrease was 
induced by the surface tension reduction of the foam and certain 
amounts of air was trapped in the foam so that the degree of 
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saturation of the void between sand particles and foams was much 
larger than that of the unsaturated specimen. 
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Figure 4. Water pressure measured for (a) silica sand, (b) Toyoura sand. 

 
Figure 5. Image of the base plate for suction measurement. 
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Figure 6. Pressure associated with specimen height. 

3.2 Permeability test results 

Figure 7 (a) shows the time histories of pt of four pressure sensors, 
pressure differences pS1-S4 and pS2-S3, and water in- and outflow 
volumes (Qin and Qout) during the seepage of the unsaturated 
specimen. Note that the four pressure sensors were initially zeroed 
at the elevation of the specimen top surface for all specimens in 
the permeability tests, by which pt is the same as uw before seepage 
(Wang, 2025). A suction of 3.5 kPa after placing the specimen 
between two plates is observed, which is larger than 2 kPa in 
Figure 4(b) suggesting the effect of dry density. After triggering 
the seepage by opening the top and bottom valves, four pressure 
sensors immediately form a pressure gradient. However, pt of S3 
starts to increase to -3 kPa after initially decreasing to about -5 
kPa. This increase indicates the permeability decrease of the 
membrane filter and/or the porous metal since technically they are 
major media between S3 and S4. The most possible reason is the 
clogging of the membrane filter, since the membrane surface 
change to yellow from white after seepage suggesting fine 
particles or dusts may clog the pores of the membrane, and the 
membrane clogging issue was confirmed by a similar study (Wang 
et al. 2019). Associated with pt change of S3, pS2-S3 and flow rate 
(slope of flow volume time history) were also observed, indicating 
the head loss increase between filters and porous metals (or head 
loss decrease between the specimen). This observation suggests 
the importance of measuring actual hydraulic gradient applied to 
the specimen (pS2-S3) rather than using pS1-S4. Figure 7(b) shows 
the in- and outflow velocities (vin and vout), hydraulic gradients 
between S1 and S4 (iS1-S4), and S2 and S3 (iS2-S3), and the 
calculated hydraulic conductivities between S1 and S4 (kS1-S4), 
and S2 and S3 (kS2-S3). Note that time was zeroed from the starting 
point of seepage. The vin and vout were calculated between each 
sample interval (5 s) which show a gradually decreasing trend 
throughout the seepage. The iS1-S4 and iS2-S3 have the same shape 
as those of pS1-S4 and pS2-S3 as expected. Both kS1-S4 and kS2-S3 show 
a steep drop at the initial stage of seepage which would be the 
period of forming a steady water flow and the time of water 
pressure transferring to the pressure sensors. Later, kS1-S4 
continuously decreases, while kS2-S3 stabilizes immediately at a 
magnitude of about an order faster than kS1-S4. The permeability of 
tested specimen may be unchanged, while due to filter clogging or 
particle movement issues, permeability of the whole system 
decreases resulting in a decrease in flow velocity and change of 
hydraulic gradient actually applied to the specimen even though 
the total supplied hydraulic gradient was constant.  

Figure 8 (a) shows the time histories of pt, pt differences, Qin 
and Qout for the FCed specimen (K_Toy_Fm1). The pt values were 
not recorded when flowing the soil to the mold, while after that, pt 
of about 0 kPa was observed, which again indicates suction 
reduction of the FCed specimen. After covering the top plate, the 
mold was fastened by bolts, during which the drainage was closed 
so that a pressure of ~3 kPa was observed, which was later 
released by pore water drainage. After triggering the seepage, pt 
of S1, S2 and S3 was very close throughout suggesting that the 
permeability of the bottom membrane filter (a re-used one) may 
become quite small. The pS2-S3 also first increases and then 
decreases, while unlike that of the unsaturated specimen, it 
increases gradually again thereafter. For the water flow, Qin has a 
faster initial flow rate and changes to a similar level as Qout a few 
minutes later. Because of the re-increasing behavior of pS2-S3 or 
iS2-S3 in Figure 8 (b), the calculated kS2-S3 first has a relatively 
stable value (1.2 ×10-5 m/s) for about 3 minutes in the early stage 
and it gradually decreases to 9.0 ×10-7 m/s at the end of the 
seepage. To confirm the test results, tests on identical specimens 
(K_Toy_Fm2 and K_Toy_Fm3) were conducted with longer 
seepage duration. Figure 9 shows their results, where similar 
behaviors are observed from the two specimens. The kS2-S3 values 
at early stable stage (kS2-S3_e) of three specimens are very close 
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(1.22.2 ×10-5 m/s) and their final values (kS2-S3_f) are also close 
(0.91.6 ×10-5 m/s) though seepage duration are very different. 
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Figure 7. Time histories of specimen K_Toy_Uns, (a) pt , pS1-S4, pS2-S3, 
Qin and Qout, (b) vin, vout, iS1-S4, iS2-S3, kS1-S4, and kS2-S3. 
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Figure 8. Time histories of specimen K_Toy_Fm1, (a) pt , pS1-S4, pS2-S3, 
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4 DISCUSSION  
The permeability of unsaturated Toyoura sand has been measured 
in different ways and researchers (Kohno & Nishigaki 1981; 
Kohno & Nishigaki 1982; Nakagawa, 1987; Kawanishi et al. 
1987; Uno et al. 1990; Abe, 1994; Ishikawa et al. 2010). Figure 10 
shows the relationship between Sr and k of Toyoura sand including 
data obtained by the steady state method (Klute, 1972) with d 
range of 1.5-1.6 g/cm3 (more details for previous studies, see 
Wang et al. 2019). In Uno et al. (1990), a coarse filter (G3) and 
fine filter (G4) were used to measure k, where the head loss in the 
filter was estimated from permeability of the filters. While, 
interestingly, k values measured with different filters are about one 
order difference at Sr=70%. Abe (1994) and Ishikawa et al. (2010) 
designed separate channels to measure hydraulic gradience similar 
as this study, however, they either use thick ceramic disk or 
membrane filter fixed by metal plates resulting in long seepage 
duration. And their results are about one order lower than some 
other previous data. The one data from this study of the 
unsaturated specimen is close to that by Uno et al. (1990) with the 
coarse filter. The average k of FCed specimens is about 3 times 
faster than that of unsaturated specimens under the same Sr at the 
early stage (kS2-S3_e), however, it becomes 1/5 of the unsaturated 
specimens at the final seepage stage (kS2-S3_f). If the d effect on k 
can be ignored, the difference between the unsaturated and FCed 
soils can be schematically illustrated by Figure 11 (a) and (b). 
Water in unsaturated specimens mainly distributed around contact 
points between particles and on particle surfaces because of 
capillary effect and water flows during the seepage along the water 
network. With the addition of foam, part of the water forms 
surfaces of foams which may thin the water network, however, the 
foam connected water in the contact points and on the surface, 
which reduces the capillary effect (or surface tension, or suction) 
and increases the water flow paths. As a result, FCed soils would 
have higher permeability than that of unsaturated soils under 
otherwise similar conditions. On the other hand, foams are 
expected to break and/or move downward resulting in a non-
uniform distribution. When the upper part loses foams and water, 
its k value may decrease significantly causing an overall reduction 
of permeability. More work will be done in the further study to 
clarify the mechanism of water seepage in the FCed soils. 
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Figure 10. Relation of Sr and k of Toyoura sand 

 
Figure 11. Difference and similarity between unsaturated and FCed soils 

5 CONCLUSIONS 

This study reported the primary results of suction and permeability 
tests on unsaturated and foam-conditioned sands. It was found that 
the suction of two sand dreases to about zero after adding foam, 
and under the same degree of saturation, the permeability of FCed 
Toyoura sand is initially ~3 times higher than and decreases to 1/5 
of that of its unsaturated condition. Schematic expansions were 
given on these differences, while further systematic studies are 
necessary for revealing the mystery for the FCed soils.  

6 ACKNOWLEDGEMENTS 

This research was partially supported by the Corporate Sponsored 
Research Programs, “The science of the extension of 
infrastructure lifetime” at The University of Tokyo and The 
Kajima Foundation. 

7 REFERENCES 

Abe, H. 1994. Experimental study on the estimation of mechanical 
properties for unsaturated soils. Ph.D. Thesis, The University of 
Tokyo, Japan (in Japanese). 

Borio, L. and Peila, D. 2010. Study of the permeability of foam 
conditioned soils with laboratory tests. American Journal of 
Environmental Sciences 6(4), 365-370.  

Ishikawa, T., Tokoro, T., Ito, K. and Miura, S. 2010. Testing methods for 
hydro-mechanical characteristics of unsaturated soils subjected to 
one-dimensional freeze-thaw action. Soils and Foundations 50 (3), 
431-440. 

Kawanishi, M., Tanaka, Y., Komada, H., and Siozaki, I. 1987. On the 
characteristics of moisture movement in unsaturated soils. Proc. 
Symposium on Current Researches of Engineering Properties of 
Unsaturated Soils, 245-252. (in Japanese).  

Klute, A. 1972. The determination of the hydraulic conductivity and 
diffusivity of unsaturated soils. Soil Science 133 (4), 264-276. 

Kohno, I., and Nishigaki, M. 1981. An experimental study on 
characteristics of seepage through unsaturated sandy soil. Proc. the 
Japan Society of Civil Engineers 1981 (307), 59-69. (in Japanese). 

Kohno, I. and Nishigaki, M. 1982. Some aspects of laboratory 
permeability test. Journal of the Japanese Society of Soil Mechanics 
and Foundation Engineering 22 (4), 181-190. (in Japanese). 

Nakagawa, K. 1987. An experiment to determine the permeability of an 
unsaturated soil. Proc. Symposium on Current Researches of 
Engineering Properties of Unsaturated Soils, 253-257. (in Japanese). 

Nishimura, T., Koseki, J., Fredlund, D.G., and Rahardjo, H. 2012. 
Microporous membrane technology for measurement of soil-water 
characteristic curve. Geotechnical Testing Journal 35, 201-208. 

STAJA. 2025. Introduction: Rheological foam shield tunneling method. 
Shield Tunnelling Association of Japan. [Online]  

(a) Unsaturated specimen

(b) FCed specimen at early stage 

(c) FCed specimen at final stage 

Membrane filter
Soil particle

Pore water
Foam

1911



Available at: https://english.shield-method.gr.jp/shield-
methods/sm_rf [Accessed Feb 16th, 2025]. 

Takahashi, F., Obayashi, Y., Sato, I., Nagatani, H., and Kawano, K. 2024. 
Evaluation of foaming performance of foaming agent by measuring 
bubble size. Proc. the 55th Japan National Conference on 
Geotechnical Engineering, No. 24-9-3-07. (in Japanese) 

Tan Tian, J., Koseki, J., Wang, H., Kyokawa, H., and Sato, T. 2019. A 
System to Measure Permeability of Unsaturated Soils using Local 
Pin-Type Sensors in Triaxial Apparatus. Japanese Geotechnical 
Society Special Publication 7(2), 305-309. 

Uno, T., Sato, T., Sigii, T., and Tsuge, H. 1990. Method of test for 
permeability of unsaturated sandy soil with controlled air pressure. 
Proc. of the Japan Society of Civil Engineers 1990(418), 115-124 (in 
Japanese). 

Wang, H. 2025. Suction and hydraulic conductivity measurements of 
unsaturated Toyoura sand using the membrane filter technique. 

Submitted to Geo-Extreme 2025, ASCE, scheduled to be held on 
Nov. 2-5, 2025, at Long Beach, California, USA. 

Wang, H., Koseki, J. Nishimura, T., and Miyashita, Y. 2017. Membrane 
filter properties and application of the filter to undrained cyclic 
triaxial test of unsaturated materials. Canadian Geotechnical Journal 
54(8), 1196-1202. 

Wang, H., Koseki, J., and Nishimura, T. 2019. Permeability of saturated 
and unsaturated iron ore fines. Japanese Geotechnical Society 
Special Publication 7(2), 401-409. 

Wang, H., TanTian, J., Koseki, J., and Sato, T. 2020. “Development of a 
Multifunctional Triaxial System for Unsaturated Soils: Addition of 
Permeameter Function.” Geotechnical Testing Journal 44(2), 422-
439. 

 

 

1912


