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1. Introduction

Soil contamination is the situation where soil eim toxic substances. Among many kinds of toximsgnces,
toxic heavy metals are found in more than 60 volpeeentage of all contaminated soil in JapanAtgording to
the Japanese law "Soil Contamination Countermes\c® [2], it is enacted to handle heavy metaltagning soil
by "containment” with "insoluble treatment”. Contaient is a method to isolate heavy metal contaisaiigrom the
environment. Insoluble treatment is a method tp station of toxic heavy metals by mixing contant@thsoil with
soil improvement liquid agents in mixers such abitecsoil recyclers. These two methods are ecoralmaicd safe
because they can be done on the site. Howevertapeand design of mobile soil recyclers for inbkdd treatment
are not optimized because the theoretical knowledigexing solid with liquid in mixers is not enokigTherefore, it
is necessary to investigate the effect on mixingab@r by parameters related to soil, liquid anders.

If this investigation is carried out by experimeitttequires enormous amount of experimental maltéoir
various conditions related to soil, liquid and nixeOn the other hand, if this investigation isrieal out by
numerical analysis, effects of those parameterdeaested without above material. However, thermiavailable
numerical model proper for this investigation. Thiéme objective of this study is to develop a nucatmodel that
can simulate the process of mixing a large amoupbi@us granular solid with a small amount of ithin a mixer. In
the future, it is desired to contribute to the wjitation of operation and design of mixers for Inbte treatment
through obtaining the theoretical knowledge of mixgolid with liquid in mixers by this numerical ol

Each numerical model is based on certain kind aferical method. Because of the complexity of mixsotid
with liquid, mesh-free numerical methods are exgudb be suitable. In addition, the capability ndile the
combination of solid and liquid was required foe thumerical method. Then, smoothed particle hydradhjcs
(SPH) method [3, 4] was employed judging from thevus studies [5, 6]. However, the previous nucaémodels
had to be modified about its capability to représea change of deformation characteristics of aodording to its
water content. Then, several modification were psed and made to describe the above behaviorlof soi
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2. Development of the numerical model to represent the mixing of porous granular solid and liquid

The first basic idea of SPH is "kernel approximaltito derive discretized form of function and itxigative of
arbitrary continuous functioffx) by using integral representation and kernel funcéidr, h). The second basic idea
of SPH is "particle approximation" to represent #realysis object by a finite humber of nodes that ealled
particles, which carry individual mass and occupgividual space. Then, the governing equationsoirtiouum
mechanics can be adopted in SPH numerical model.



The numerical model was developed based on théopgee@PH numerical models for the combination ditiso
and liquid [5, 6, 7]. The governing equations fguld are Navier-Stokes equations combined withurecion to
obtain known pressure [8]. The governing equatiforssolid are generalized Hooke's law combined with
Mohr-Coulomb vyield criterion. The new modificatiomsere made on the governing equations to deschibe t
forces that yield between porous granular solidlandd. Those forces are seepage force, pore vpagsmsure and
suction. In the previous numerical models, thereeveefew problems.

The first problem is as follows. When 2 volume igluid is mixed with 2 volume of porous granularigol
that consists of 1 volume of solid and 1 volumerafl, the total volume becomes 3 in realty. Howetles total
volume became 2 in those previous numerical modielsther words, saturated volumetric water contgoff
soil was not properly limited by porosity of sail This was caused by wrong density of ligpidwhich was
obtained without concerning porosity of sofidind was used in calculation of pressur@hen, new functions to
obtain porosity of soligh around liquid and to divide density of liquidoy porosityn were added.

With this modification, the distribution of SPH ligl particles became more sparse. Then, the ciaftiof
porosityn in the function to calculate seepage force wasveu to correct the magnitude of force.

The second problem is that suction is not constiegeaction is an attractive force caused by capildetion
between pore in soil and liquid. This force actshia situation where volumetric water content af 8ds larger
than 0 and smaller than porosity of swoilThen, the proposed equations [9] to consideicuetere added.

The third problem is that effective permeabilty has not been tried in the calculation of seepageef It is
said to bring a good result in the situation wheskimetric water content of sdoil is larger than 0 and smaller
than porosity of soih. Then, the proposed equations obtain the effepireeabilityk, were added [10, 11].

In this chapter, four modifications were made oe tlumerical model to describe the behavior of ngxin
porous granular solid and liquid. The effects afsila modifications will be validated in the followgichapters.

3. Numerical analysis of seepage flow

In order to validate the modifications on the nuicermodel, 3 kinds of tests were carried out.

The first test was to check the numerical modelélits accuracy in simulating water flow. From tesult
of this test, water flow was replicated by the ntns model with an error rate of 2.1%.

The second test was to check the numerical modeltats accuracy in simulating seepage flow in ed
soil. This test was the falling head permeabiliggttby JIS A 1218. In this test, the third and fberth
modifications were not applied because the sahisirated. The accuracy was evaluated by compamiug and
output parameters of absolute permeabKigyand volumetric water contefit The results are shown in Fig.1 and
Fig.2. The results with and without modificatione anarked with "Previous" and "Improved" respedtivEig.1
shows that the first modification properly limitsdturated volumetric water contefitto porosity of solid with
the maximum error of 4.4%. Fig.2 shows that theosdcmodification compensated the side effect offifst
modification on the seepage force. In this casembximum error rate of absolute permeabHKigywas 26.1%.
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Fig.1 \Validation on volumetric water content. Fig.2 Validation on absolute permeability



The third test was to check the numerical modelalis accuracy in simulating seepage flow in sadth
dynamically changing water content. This test waslaservation of almost one-dimensional water gligor by
dry soil in a transparent tube. The dry soil sikzad No.9 was set at the lower part and watersetat the upper
part of the tube respectively. After water is reksd top and bottom positions of it were recordédds test was
performed in the experiment and four simulationthveind without suction and effective permeability The
results are shown in Fig.3 and Fig.4. The resulth absolute permeabilitiy, effective permeabilityke and
suction are marked with "Absolute”, "Effective" at Suction” respectively. According to results twibsolute
permeabilityKo, it can be said that the third modification of sme improved the numerical result by 20.33% and
76.83% about the average velocity of water top lawitbm respectively. On the other hand, resulth wifective
permeabilityK, were different from the experimental result. Thiewan be said that the fourth modification was
not suitable for this numerical model. The reasoaxpected that effective permeabltyis not a parameter that
simply represents the drag between single fluidspland solid phase contrary to absolute permeakiit
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Fig.3 The change of water top postion. Fig.4 The change of water bottom postion.

4. Numerical analysis of mixing solid with liquid

In chapter 3, the four modifications on the nurredrimodel about the forces that yield between posulis
and liquid were validated. In this chapter, the etical model is validated about its accuracy inuwating
mixing of unsaturated soil and liquid in a mixer.

Fig.5 shows the mixing chamber of the mixer withatimg shaft with paddles. Only right half parttbe
mixer was used. The unsaturated soil was 2.7 lgjioh sand No.9 with 20 weight percentage watetexat. The
liquid was made of 50 ml of purified water and 6r2bof fountain pen blue ink. The unsaturated s@i$ initially
put into the mixing chamber without compaction. dfiyy the soil surface was above the shaft by a few
millimeters. The liquid was dropped at the positindicated by the orange arrow in Fig.5 for 10 sel The
shaft was rotated for 20 seconds. Rotation of tiadt @nd dropping the liquid were started simultargdy.
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Fig.5 Design of the mixing chamber of the mixer.



After mixing, the mixture of the unsaturated seitahe liquid was obtained. Firstly, the soil abtive shaft
was removed. Secondly, it was divided into uppgeiand lower layer. Thirdly, upper layer and lowsrer were
divided into 20 and 40 parts respectively. Fourtisater content of each part was obtained. Findhg
distribution of water content obtained by the eipent and the numerical analysis were compared.

The result showed that the numerical model reptedetie distribution of water content with an agera
error rate of 21.52%. In upper layer, the maximurorerate was 18.41% and error rates were less 1B&6%0 at
15 points out of 20 points. In lower layer, the maxm error rate was 109.8% and error rates weeethen 25%
ad 24 points out of 40 points. Therefore, it carshigl that accuracy of the numerical model abouwingisoil
with liquid is preliminary and can be improved lyther modifications.

5. Conclusions

It is desired to reduce costs of "Insoluble treatthéor heavy metal containing soil. To achievesttarget, it
is required to optimize operation and design ofersxfor mixing soil with liquid agent based on tredal
knowledge of it. Therefore, a numerical model faxinmg of granular porous solid and liquid in a mixeas
developed based on Smoothed Particle Hydrodynai@Rkl) method [3, 4] and previous studies [5, 6 Fiktly,
the numerical model analyzed a liquid flow with emor rate of 2.1%. Secondly, it analyzed a seefflagein
saturated with error rates of 4.4% and 26.1% abatirated volumetric water content and absolutmeability
respectively. Thirdly, it analyzed a water absanptby dry silica sand No.9 with error rates of 96827.34%
about velocity of water. Finally, it analyzed migimof unsaturated silica sand No.9 and water wittaegrage
error rate of 21.52% about water content of 60 fgoim processed soil. In the future, this numerioadel will
contribute to optimization of operation and desijmixers for insoluble treatment with further inmpement.
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