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Environmental quality assessment and control in geotechnical engineering 

Estimation et controle de la qualite de I’environnement en geotechnique

Masashi Kamon & Takeshi Katsumi -  D isaste r P revention R esearch Institute, Kyoto University, Ja pa n 

Chang-yun Ying -  D e partm ent o /  C ivil Engineering, Kyoto University, Ja pan

ABSTRACT: The assessment and control of the geoenvironmental impact of environmental qualities such as alkali and acid are presented. As 

to soil acidification caused by acid rain, a negative influence on the engineering properties of stabilized soil is experimentally clarified. 

Neutralization mechanisms of stabilized soil are summarized, referring to the depletion step of Ca24. A method for predicting the neutralization 

o f a stabilized soil ground is proposed. Alkali migration characteristics from the stabilized soil are also investigated, referring to the buffer 

a b ility  of the filtration layer. It is suggested from the experimental results that the batch method, which is ordinarily applied, will overestimate 

the buffer ability. For the application of stabilized soil to embankments, a minimum thickness for the filtration layer was calculated from the 

proposed parametric analysis in order to prevent alkali migration, and the importance of the permeability and workability of the materials, as 

w e ll as their neutralization ability, are emphasized.

RESUME: Les effets des acides et des alcalins sur 1'environnement en giotechnique sont ici evalues. Sur 1'acidification du sol causee par les 

pluies acides, les influences negatives sur les proprietes chimiques des sols stabilises sont expenmentalement clarifi6es. Les mecanismes de 

neutralisation sur les sols stabilises sont resumes se rdferant & la induction libre, et absorbes et hydrates en C a". La methode pour pr£dire la 

neutralisation des sols chimiquement stabilises est proposde. Les caracteristiques de la migration des alcalins des sols stabilises sont aussi 

etudiees se rfferant a la faculte tampon de filtration des couches. A la suite des resultats experimentaux, il est suggert que la methode de 

traitement classique appliqude surestime 1' effet tampon. Tour 1' application des sols stabilises aux remblais, 1’ epaisseur minimale de la couche 

de filtration pour prevenir la migration alcaline est estimee par l'analyse parametrique proposee. L1 importance de la permeabilite et la 

faisabilite des materiaux aussi bien que l'aptitude de neutralisation sont accentues.

1 INTRODUCTION

The assessment and control of geoenvironmental contamination is 

considered to be one of the most important problems to be solved 

in the area of environmental geotechnology. The source of such 

contamination can be roughly divided into two groups, namely, 

toxic substances such as heavy metals and NAPLs, and 

environmental qualities such as acid and alkali. The geo

environmental impact of these environmental qualities is becoming 

significant because they are quite general components. Considering 

the fact that excavated surplus soils and waste materials are 

discharged and only disposed of in large quantities, alkali migration 

w il l  be an important geo-environmental problem as the geotechnical 

utilization or reuse of soils and/or wastes, which are chemically 

stabilized by cement or lime, will be promoted. While acid rain has 

influenced many aspects of the ecosystem, soil acidification and 

erosion due to acid rain are becoming increasingly more significant 

In particular, the impact of acid on stabilized soil which exhibits 

a lka li should be carefully considered.

In order to perform an environmental quality assessment, an 

evaluation of the buffer ability of the soil is crucial. Several studies 

(Yamaguchi et al. 1993; Furukawa et al. 1994; Kamon et al. 

1996a) have focused on the impact of the environmental quality of 

acid, not only on the physico-chemical properties, but also on the 

engineering properties. Changes in these properties of soil should 

be evaluated based on an environmental quality assessment.

Figure 1. Water flows around an embankment.

Furthermore, to control the geoenvironmental impact, the buffer 

ability of soil should be effectively used. Some researchers have 

reported an evaluation method for the buffer ability of soil against 

alkaline migration (Amano & Masumoto 1980; Kitsugi 1989; 

Kamon et al. 1996b)

In the present study, a geoenvironmental assessment of the 

environmental qualities of alkali and acid is numerically discussed 

based on the results of experimental studies. The basic concept of 

geoenvironmental impact control is also proposed. Considering the 

typical water flows shown in Figure 1, the following problems are 

presented in this study:

(1) Soil and ground acidification by acid rain,

(2) Neutralization of the stabilized soil by acid and its 

environmental influence, and

(3) Environmental impact of alkaline migration by chemically 

stabilized soil.

2 ACID IMPACT ON GEOENVIRONMENT

2.1 Soil acidification and its evaluation

Regarding the effect of artificial acid rain on soil, Kamon et al. 

(1996a) clarified that acid rain strongly affects decreases in pH and 

the content of the exchangeable cations of the soil, although the 

engineering properties of soil are not significantly affected by the 

acid.

A prediction of soil acidification based on the results of 

experiments on decomposed granite, which is widely distributed in 

the western part of Japan, is presented. The following equation can 

be obtained from the test results shown in Figure 2 which indicate 

the relationship between the content of the exchangeable cations, C 

(meq/lOOg), during the infiltration test on artificial acid rain and the 

precipitation period:

A C = 1.43X e 0 37RXT° 5 (1)

where AC is the decrease in the amount of C, R the pH of the acid 

rain, and T the supposed period (y). T is calculated from the 

amount of seepage based on the assumption that the amount of
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seepage into the ground is 1/3 the average annual rainfall in Japan 

(1760 mm). The ratio, X, between the amount of hydrogen ions 

(H*) supplied by the rain, which can be 176/3X TX  10' (meq), 

and the AC caused by the cation exchange of a certain mass of soil, 

(D p,,), can be expressed as:

X = AC D pd / ( 1 7 6 / 3 X T X 10'R) (2)

where D is the depth and pd the dry density of the soil. A. depends 

upon R and T, and can also be calculated from the experimental 

results. Consequendy, the following equation can be derived when 

P - -  1-55:

AC = (14.3X e 0 37RX T °5)/D (3)

According to the reduction from the experimental results (Figure 3), 

the relationship between AC and the pH of the soil, S, can be 

expressed as:

S = S0 - 3.82AC/C0 (4)

Figure 2. Relationship between the content of exchangeable cation 

and the precipitation period.

In conclusion, the pH at depth D can be calculated by the following 

equation:

S = S0 - (54.6 X e 01™ X T° 5)/(D X C0) (5)

According to equation (S), we can estimate the pH changes in the 

ground at a certain depth by the acid rain. Figure 4 indicates the 

results calculated when R is 4.5 and 3.0, respectively. If the pH of 

the rain remains at the present level, the soil whose pH decreases at

1.0 is limited to a shallow area with a depth of only 20 cm. 

However, it is suspected that the depth of the soil acidification will 

increase much more, if the acidification of the rain proceeds 

further.

2.2 Acid impact on the chemically stabilized soil

It is easy to imagine that acid, as an environmental quality, strongly 

affects the engineering properties of stabilized soil, which exhibits 

alkali, rather than untreated soil. Figure 5 indicates changes in the 

pH value of stabilized soil (decomposed granite stabilized with 5% 

lime) subjected to the infiltration of artificial acid rain after a 90-day 

period of curing. The experimental conditions were described in 

detail by Kamon et al. (1996c). The infiltration of acid caused an 

immediate decrease in pH, and the stabilized soil was neutralized 

by the infiltration of a strong acid (pH of 2.0 or 3.0). As shown in 

Figure 6, the decrease in compressive strength proceeded gradually, 

compared with the decrease in the pH value shown in Figure 5. In 

particular, the strength of the stabilized soil subjected to the 

infiltration of strong acid rain decreased markedly. Considering the 

development o f strength under normal curing conditions, this 

stabilized soil can be applied to materials for embankments, 

subgrades, and even base-courses. However, the decrease in 

strength caused by the neutralization will create a severe problem 

for the applicability.

The infiltration of the artificial acid rain at a pH value of 2.0 

could not continue after the amount of infiltration exceeded about 

300 cmVcm2. The reason is that the hydraulic conductivity 

decreased as the infiltration proceeded. This is because hydrated

3Cb  0 .2  0 .4  0 .6  0 .8  1 

AC/C0

Figure 3. Relationship between pH and decreasing rate of the 

content of exchangeable cation of decomposed granite.

60  1000 2 0 0 0  3 0 0 0

Flux of acid rain (cm’/cra2)

Figure 5. pH value of lime-stabilized decomposed granite eroded 

by acid rain.

pH value of ground

2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  
0

50

Figure 4. pH value estimation of decomposed granite ground 

eroded by acid rain.

Flux of acid rain (cm3/cm2)

Figure 6. Strength of lime-stabilized decomposed granite eroded by 

acid rain.
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Figure 7. Neutralization mechanism of stabilized soil.

gehlenite, a hydrated product by cement, was dissolved due to the 

seepage of strong acid, and the re-crystallization of CaS04 • 2H20  

and CaC03 occurred. Since the mass of the re-crystallization was 

1.5% of the total stabilized soil in the case of acid rain with a pH 

value of 2.0 , environmental influences such as the occlusion of 

underground pipes should be taken into consideration.

Figure 7 summarizes the neutralization mechanism of the 

stabilized soil, referring to the depletion step of free, adsorbed, and 

hydrated Ca2*. At the first step, S042', NOj', and C 032' in the acid 

rain adsorb on the particle surface of the soil, and free Ca2* moves 

into the infiltration water. Secondly, a cation exchange between the 

adsorbed Ca2* and the H* in the infiltration water occurs, and 

consequently, the pH value of the soil decreases. At the third step 

when the hydrated products containing the hydrated Ca2* are 

dissolved and the neutralization proceeds further, the strength 

decreases markedly and re-crystallization such as CaSO„ • 2HzO and 

CaCO, advances.

Figure 8. pH value estimation of lime-stabilized decomposed 

granite ground eroded by acid rain.
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Figure 9. Alkaline neutralization ability o f decomposed granite soil.

2.3 Estimation o f  neutralization o f stabilized soil by the acid

The neutralization of stabilized soil due to acid rain is the result of 

the leaching of cations from the stabilized soil and the adsorption of 

hydrogen ions. According to a similar process presented in Section 

2.1, the pH value of stabilized soil at a certain depth, D, after a 

supposed period, T, can be expressed by the following equation, 

based on the relationship between the calcium ions and the pH 
values:

Stabilized Soil with 10cm Cover Soil

S = S0 - (29.1X e 0 31RXT° 5)/D (6)

According to the calculated results of the pH value of the 

stabilized soil ground subjected to rainfall (Figure 8), only soil at a 

depth of 10 cm will be neutralized by the acid rain and will be 

thought to decrease in strength, while soil at a depth of more than 

30 cm will be little influenced by the acid rain even if a fall of 

strong acid rain continues for a long period of time.

3 ALKALI IMPACT ON GEOENVIRONMENT

3.1 Experimental evaluation o f the buffer ability o f  soil

Since both cement and lime can produce hydrated lime (Ca(OH)2),

its dissociation causes the leachate of alkali. The geoenvironmental

impact of alkaline leachate from stabilized soil can be classified into

two types, as shown in Figure 1. As for a water flow which only 

passes through the cover layer and does not seep into the stabilized 

soil, the alkali can be diffused little due to the buffer ability of the 

soil (Kamon et al. 1996b). As for a water flow which passes 

through the stabilized soil and reaches the lower layer, however, it 

is predicted that the geoenvironmental impact depends upon the 

buffer ability of the filtration soil beneath the stabilized layer and 

the permeability of each layer.

A series of batch tests was conducted in which the soil was 

mixed in various mixing proportions with Ca(OH)2 solutions at 

various concentration levels. The pH of the suspension was 

measured 2 hours later. According to the results of tests on 

decomposed granite (Figure 9), the OH' neutralized by the soil is 

dependent on the OH' added in the soil. More than 90% of the

100 150 200 250 300 

Seepage (cm3/cm 2)

Figure 10. pH  o f discharge from the stabilized soil.

added O I ' is neutralized by the soil, when the added OH' does not 

exceed about 5.0 X 10'5 mol/g. If the added OH exceeds 5.0 X 105 

mol/g, however, the suspension exhibits high alkali. From the 

curve in Figure 9, the neutralization ability can be determined as 

9 .0X 10 '5 mol/g. Miki et al. (1994) also measured the alkaline 

neutralization ability of 10 typical soils using a saturated solution of 

Ca(OH)2. The neutralization ability of decomposed granite is 

similar in value to the ability presented here, but is comparatively 

lower than that of clayey soils.

Column tests were conducted in which the water infiltrates firsdy 

through the stabilized soil (alluvial clay stabilized with 10% 

cement) and secondly through the untreated decomposed granite 

(filtration soil) in the column. The experimental procedure was 

described in detail by Kamon et al. (1996b). As shown in Figure 

10, water at a pH level higher than 11 was discharged continuously 

after the seepage exceeded about 35 cmVcm2, because the 

neutralization ability of the filtration soil was exhausted. Based on 

the above-mentioned results that the neutralization ability of 

decomposed granite is 9 .OX 10‘5 mol/g and the assumption that the 

pH level of water immediately after permeating through the 

stabilized soil is 12.6, the seepage volume required for a pH value 

higher than 8.6 can be calculated to be approximately 60 cm3/cm2. 

This is about twice the value of that obtained for the experimental
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results of 35 cm!/cm2. Reasons for this difference might be that 

alkaline seepage penetrates along a certain path in the filter layer, 

and consequendy, only comes in contact with selected panicle 

surfaces for neutralization, and that the flow rate may affect the 

neutralization phenomenon.

3.2 Calculation o f  minimum thickness fo r  filtration layer

Considering the application of the stabilized soil to embankments, 

the filter layer thickness required for alkaline leachate control was 

calculated through a parametric analysis. The typical cross section 

of an embankment shown in Figure 1 was simplified to that shown 

in Figure 11. In order to assess the effect of the drainage ability of 

the cover soil as well as the neutralization ability of the filter soil, 

the quantity of seepage into the stabilized soil is calculated in 

relation to the permeability and the width of the cover and the 

stabilized soils. A high alkaline solution will be generated if the 

seepage passes through the stabilized soil, and it will be neutralized 

during passage through the filter layer below the stabilized soil. We 

calculated the thickness of the filter layer that can neutralize the 

alkaline solution discharged from the stabilized soil. The criterion is 

a pH level lower than 8.6, the effluent standard in Japan. We 

assume that the embankment is saturated, the seepage water flows 

only vertically, and the water flow is governed by Darcy’s law. 

Other assumptions for the analysis were described by Kamon et al. 

(1996b). The required thickness for the filtration layer, x (cm), can 

be calculated by:

x S 5 .8 7 X 1 0 ‘ X (10(F ,4)- 10C8'<5‘1‘i>) /(l+k'/k(H '/H  - l))X T /(pd C)

(7)

where k, k ', H, and H' are mentioned in Figure 9, T is the 

supposed period (y), C (mol/g) is the alkaline neutralization ability 

of the filtration soil, F is the pH value of the discharge for the 

seepage through the stabilized soil, and pd (g/cm3) is the dry 

density of the filtration soil. In this study, k/k’ and H/H' were 

given parametrically; pd is 1.73 g/cm3 and F is 12.0.

Figure 12 summarizes the required thickness for the filtration 

layer with respect to the neutralization ability of the filtration soil. 

The range of the neutralization ability for five types of soil obtained 

by Miki et al. (1994) are also presented. This figure can be used

Figure 11. Simplified cross section for a parametric analysis of 

alkaline migration.
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effectively to determine the required thickness of the filtration layer 

beneath the stabilized soil. Soil which has a high alkaline 

neutralization ability should be used as a filter soil to effectively 

control alkali migration. However, we must take into account other 

factors besides the alkaline neutralization ability. The thickness of 

the filtration layer is influenced by the neutralization ability of the 

soil as well as by the permeability ratio. As there are many cases in 

which the natural ground of Kanto Loam has some cracks or pipe

shaped voids and the seepage water is consequently passing 

through only selected voids, it might be impossible to expect the 

neutralization ability of all particles. In addition, because soil that 

has a high neutralization ability usually consists of fine grain 

particles, it would be difficult to use as a filtration layer by 

compaction at a construction site, or the filtration layer would be 

low in permeability and the required filter thickness would increase. 

Decomposed granite soil is reasonably applicable to the filtration 

layer in terms of workability and permeability, because the required 

thickness is calculated at approximately 30 cm when the filter soil is 

high enough in permeability in comparison to the stabilized soil. It 

should be emphasized that the stabilized layer must be constructed 

carefully to become a low-permeable layer in order to control the 

environmental impact caused by the alkali migration from the 

stabilized materials.

4 CONCLUSIONS

The following conclusions were obtained from this study:

(1) As for the soil acidification caused by acid rain, negative 

influences on the properties of the stabilized soil were clarified, 

while the untreated soils were slightly affected. Neutralization 

mechanisms of the stabilized soil were summarized referring to the 

depletion step of free, adsorbed, and hydrated Ca2*.

(2) A method for predicting the neutralization of a stabilized soil 

ground and the acidification of an untreated ground was proposed. 

An assessment of the neutralization and the acidification was 

discussed based on the proposed prediction method.

(3) Alkali migration characteristics from the stabilized soil were 

investigated, referring to the buffer ability of the filter soil. The 

determination of the neutralization ability of the soil is crucial to 

alkali migration assessment and control. The batch method, which 

is ordinarily applied, will overestimate the neutralization ability.

(4) For the application of stabilized soil to embankments, the 

minimum thickness for a filtration layer was calculated to prevent 

alkali migration. To control alkali migration, the importance of the 

permeability and workability of the materials as well as the 

neutralization ability were emphasized.
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