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ABSTRACT : In order to investigate the applicability and suitability of the industrial by-products to apply mono-layer cover system for
non-sanitary landfill sites, 6 different industrial by-products, such as construction waste, bottom ash, gypsum, blast furnace and steel
manufacture slags, and stone powder sludge, were evaluated. Various physicochemical and hydrodynamic properties of the industrial by-
products were investigated. The environmental safety was monitored using batch and long-term leaching tests as well. In addition, the
flexibility of plants was observed by cultivating them in the industrial by-products. The results for physicochemical properties indicate
that most of the materials considered appeared to be suitable for landfill cover. Particularly, the concentration levels of hazardous elements
regulated by the Korean Law for Waste Management did not exceed the regulatory limits in all target materials. In addition, the con-
centrations of regulated elements for the Korean Soil Conservation Law were examined below the regulatory limits in most of materials
considered, except for the stone powder sludge. The results of batch and long-term experiments showed bottom ash and construction
waste were the most suitable materials for landfill cover among the industrial by-products considered. The results of plant studies indicate
that the bottom ash among industrial by-products considered was most effective in developing vegetation on landfill site, showing fast
germination and large growth index. At the final covering system made of mixture of soil and bottom ash, the optimum application rate
of farmyard manure was observed to be 40-50 Mg/ha.

Key Words : Non-Sanitary Landfills, Landfill Cover, Mono-Layer Cover System, Industrial By-Products
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Table 1. Chemical properties of farmyard manure used for re-
clamation of mono-layer landfill cover system using
industrial by-products

pH Concentration (Wt%) C/N
(1:5,H0)  Organic matter ~ T-N P,0s K,0  ratio
6.8 40.6 1.1 1.9 1.3 24
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Table 2. Representative physical properties of industrial by-
products used

Sample® Aver.age particle Texture” Density (g/cmﬁ) Porosity
size (jm) Bulk  Particle (%)
BFS 979+36.4 Sand  1.35+0.02 2.68+0.04 49.80+0.79
SMS 831+36.3 Sand  2.09+0.02 4.16+0.12 49.80+1.35
BA 926£107 Sand  1.05+0.02 2.65+0.10 60.26+0.79
SPS 16.1£5.20 Silt  1.40+£0.01 2.24+0.03 37.60+0.98
WG 248+54.7 Sand 1.15+0.01 2.26+0.05 48.95+1.50
CW 731+14.1 Sand 1.29+0.01 2.53+0.03 48.85+0.83

“BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
SPS: stone powder sludge, WG: waste gypsum, CW: construction waste,
"ASTM: sand(2-0.075 mm), silt(0.075-0.002mm), clay(>0.002 mm)

Table 3. Void ratio and uniformity and curvature coefficients
of industrial by-products used

Sample’ Vo'icL Dig(pm)° Dso(pm)" Dag(pm)® Cocfficient
ratio Uniformity Curvature

BFS 0.99 4645 720.4 1,090 2.35 1.03
SMS  0.99 2595 501.0 922.5 3.55 1.05
BA 152 2753 591.0 1,078 3.92 1.18
SPS  0.60 1.451 3.525 8.715 6.01 0.98
WG 096 48.19 88.22 1333 2.77 1.21
CW 096 236.2 447.5 773.9 3.28 1.10

“BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
SPS: stone powder sludge, WG: waste gypsum, CW: construction waste,
*calculated by each porosity in Table 2 using the equation of void ratio =
porosity/(1-porosity), “Dyo: the effective particle size corresponding to
the 10% line on the curve of particle size distribution, ‘Dso: the particle
size corresponding to the 30% line on the curve of particle size dis-
tribution, ‘Deo: the particle size corresponding to the 60% line on the
curve of particle size distribution

Table 4. Particle size distribution and consistency of industrial
by-products used

Particle size distribution(%) , Atterberg limit (%)

Sample" - . -

Sand Silt Clay Liquid Plastic
BFS  99.7£2.66 0.2+0.03 0.1+0.01 SP  N.P.° N.P°
SMS  97.644.63 2.1£039 0.3+0.07 SP NP NPS
BA 9944738 0.7£0.08 0.1£0.02  SP N.P° NP°
SPS  2.4+0.09 82.4+1.99 153+222 ML NP° NP¢
WG 73.844.04 243+£3.82 2.0+0.52 SM  NP° NP°
CW  98.642.24 1240.17 03+£0.03 SP  NP° NP°

BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
SPS: stone powder sludge, WG: waste gypsum, CW: construction waste,
"United Soil Classification System, “non plastic
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Table 5. Chemical properties of industrial by-products used

Sample'  pH EC Eh CEC LOI
(uS/em)  (mV)  (cmols/kg)  g/kg %
BFS  9.240.03 337429 -(178+1.0) 83.2£14.29 15.0+3.46 1.5+0.35
SMS  124+0.01 7,743+195 -(35943.6) 783+30.7 16.3+2.52 1.6+0.25
BA  89+0.04 369+55 -(156£2.0) 176+24.2 50.0+6.24 5.0£0.62
SPS  9.6+0.02 114104 -(178+2.7) 81.2432.96 10.3+1.53 1.0£0.15
WG 3.1£0.02 3,370£100 204+0.9 9,945£352 9.7+£2.52 1.0£0.25
CW  11.0£0.02 983+40 -(276+4.3) 427+47.6 18.7+2.89 1.9£0.29

*BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
SPS: stone powder sludge, WG: waste gypsum, CW: construction waste
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Fig. 1. pH buffering capacities of (a) stone powder sludge
(SPS) and waste gypsum (WG), (b) construction waste
(CW) and blast furnace slug (BFS), and (c) steel ma-
nufacture slag (SMS) and bottom ash (BA).
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Table 6. Contents of hazardous elements in industrial by-products measured by Korean Standard Method for Waste Leaching

(mg/kg)
Sample® As Cd cr Cu Hg Pb CN Fe Mn Ni Zn

BES ND N.D. (00.;)0155) (00.6003 1) N.D. (0().6()270) N-D. (19..17055) (00.;13076) (00.60025) N.D.
SMS N.D. N.D. (00.;)0042) (00.60013) N-D. (00.'00072) N.D. (00. .18334) (0?60025) (00.60011 ) (0960013)
BA N.D. N.D. (00.;)0(;16) (00.61354) N.D. (0().61826) N.D. (09.61838) (00.;)0015) (00.60012) (00..12126)
SPS N.D. N.D. (00.;)0031) (00.62()26) N-D. (00.'00053) N.D. (00.;590) (00.;)1145) (00.;)0()2 1) N-D.
WG N.D. (00.62014) (00.;)3(;15) (00.63728) N.D. (0().62112) N.D. (08. .19967) (09;)3(?4) (00.62212) N.D.
cw N.D. N.D. (00.;)2328) (00.60262) N-D. (00.'00065) N.D. (00.62 152) (0?65833) (00.60()26) (0965478)
RL’ 7.50 1.50 7.50 15.00 0.025 15.00 5.00 - - - -

Values in parentheses: standard deviation of triplicates, “BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash, SPS: stone powder
sludge, WG: waste gypsum, CW: construction waste, °RL: regulation limit (mg/kg) calculated from regulated concentrations (mg/L) in leachate

multiplied by dilution factor of 5, °N.D.: not detected
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Table 7. Contents of heavy metals and cyanide in industrial by-products measured by Korean Standard Method for Soil Contami-

nation (mg/kg)

6+

Sample” As Cd Cr Cu Hg Pb CN Fe Mn Ni Zn
BES ND (00.61107) (00.;)1225) (00.69397) N-D. (01.'18476) N.D. (298; (3143) (06.69630) N-D.
SMS N.D. (0960295) (00.;)0(;1 1) (00.66448) N.D. (01.é6005) N.D. (01..21888) (42142411) ((1)20;) (1115.(;)
BA N.D. (00.61730) (0962242) (00.66At18) N-D. (02.67918) N.D. (;29;) (?29;) (é13‘5‘) (08.'11575)
S ND oy gy aan M e M oy i ean o
WG N.D. (0%3;2) (0%9257) (0966255) N-D. (02. '17252) N.D. (298;) (03.63486) (02"94067) (01‘ i4932)
cw N-D. (00.60299) (0963328) (00. i8952) N.D. (01. 68597) N-D. (01. i0080) (O? i7075) (19..03157) ((3)753)
RL’ 6.00 2.00 4.00 50.0 4.00 100 2.00 - - 40.0 300

Values in parentheses: standard deviation of triplicates, “BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash, SPS: stone powder
sludge, WG: waste gypsum, CW: construction waste, "RL: regulation limit (mg/kg) of soil contamination warning for agricultural area, °N.D.: not detected

Table 8. Total concentrations of heavy metals in industrial by-products measured by aqua regia extraction (mg/kg)

Sample® As cd cr™ Cu Hg Pb Fe Mn Ni Zn
7.08 2.99 7.57 5.45 10.9 1,382 150 6.93
BF N.D. ’ N.D.
S 0216) (0075  (0413)  (0.052) (0.47) (128) (3.3) (0.060)

b 6.97 165 30.6 249 58,760 1,056 12.1 150
MNP sy a2 aen NP s esy e 009 (1)

2.60 14.7 22.7 20.1 46,247 477 11.4 8.17

BA N.D. N.D ’

(0.061) (0.52) (0.84) (0.62) (8,755) (25) (0.35) (0.155)

0.78 3.21 83.9 13.8 1,131 24.6 22.7 29.2
SPS N-D. (0.005)  (0.481) (1.89) N.D. (1.10) (47 (1.06) (0.40) (0.35)

WG 5.64 1.41 3.23 1.95 ND 10.7 21.0 5.52 2.46 1.43
(0.734)  (0.045)  (0.257)  (0.056) ' (1.28) (5.21) 0258)  (0.907)  (0.192)

oW 4.80 1.30 13.3 14.3 ND 17.3 6,311 80.6 9.35 377
(0.540)  (0.080) (0.25) (0.76) s (0.28) (95) (0.65) (1.017) (0.51)

Values in parentheses: standard deviation of triplicates, “BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash, SPS: stone powder

sludge, WG: waste gypsum, CW: construction waste, °N.D.: not detected
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Table 9. Hydrodynamic properties of industrial by-products used

Compaction Characteristics Hydraulic Ultimate shear strength Residual shear strength
Sample’ Max. dry density Opt. water content’  conductivity  Adhesive strength Internal friction Adhesive strength Internal friction
(g/m’) (%) (cm/sec) (kg/em®) angle(®) (kg/em?) angle(°)
ss 1.61 16.2 1.59x107 - - - -
BFS 2.09 11.9 2.19x107 0.88 2543 0.00 15.47
SMS 248 11.8 1.49x10™ 0.26 18.42 0.00 16.27
BA 1.17 30.7 3.53x10 0.69 30.49 0.00 18.37
SPS 1.06 31.0 7.90x107 4.30 0.00 - -
WG 1.12 52.5 1.41x10° 2.50 0.00 - -
CW 1.71 14.7 3.25x10™ 0.23 17.6 0.18 14.43

’SS: standard sand, BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash, SPS: stone powder sludge, WG: waste gypsum, CW:
construction waste, "water content to maximize the density or to attain the maximum packing
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Fig. 2. Results of water balance analyses using model lysi-

meter experiments. (a) variation of percolation as a
function of precipitation intensity and period of dura-
tion, (b) variation of percolation according to precipi-
tation intensity, and (c) variation of surface runoff as
a function of precipitation intensity and period of dura-
tion (SS: standard sand, CW: construction waste, BA:
bottom ash).
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Table 10. Germination proportion(%) of 6 plant species in me-
dia composed of s0il(50%) and industrial by-products

(50%)

Duration . Plant species’
Sample

(day) LC AVO AHA AF LCB CB Sum
Control° 0.00 0.00 0.00 000 0.00 0.00 0.00
BFS  0.00 0.0 0.00 0.00 000 0.00 0.00

3 SMS  0.00 0.00 0.00 0.00 0.00 0.00 0.00
BA 0.0 0.00 0.00 0.00 26.7 0.00 26.7
WG 000 0.00 0.00 000 133 000 133
Control° 20.0 040 0.00 0.00 433 233 87.0
BFS  0.00 0.00 0.0 0.00 0.00 0.00 0.00

6 SMS  0.00 020 0.00 0.00 10.0 0.00 10.2
BA 200 070 0.00 0.0 633 16.7 101
WG 670 0.00 0.00 0.00 267 10.0 43.4
Control° 467 2.20 0.00 0.00 533 26.7 129
BFS  0.00 030 0.00 000 000 000 030

9 SMS 330 190 330 000 167 330 285
BA 333 470 0.00 000 700 333 141
WG 133 750 0.00 0.00 533 20.0 94.1
Control° 467 3.50 30.0 0.00 56.7 433 180
BFS 000 100 0.00 000 000 330 430

12 SMS 200 320 670 100 133 330 56.5
BA 350 6.00 670 267 733 30.0 178
WG 200 830 0.00 670 567 333 125

*BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
WG: waste gypsum, °LC: Lespedeza cuneata, AVO: Artemisia var.
orientalis, AHA: Arundinella hirta var., AF: Amorpha fruticosa, LCB:
Lespedeza cyrtobotrya, CB: Cosmos bipinnatus, ‘Control: soil(100)
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Table 11. Elongation(cm) of 6 plant species in media com-
posed of soil(50%) and industrial by-products(50%)

Plant speciesb

Sample®
LC AVO AHA AF LCB CB Sum

Control®  7.89 140 ND 855 993 317 595
BFS 6.13 194 ND! 680 983 204 451
SMS 543 274 ND! 898 697 825 324
BA 778 321 ND.! 112 122 232 575
WG 530 388 ND.' 620 988 248  50.1

BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
WG: waste gypsum, °LC: Lespedeza cuneata, AVO: Artemisia var.
orientalis, AHA: Arundinella hirta var., AF: Amorpha fruticosa, LCB:
Lespedeza cyrtobotrya, CB: Cosmos bipinnatus, ‘Control: soil(100),
N.D.: not determined due to extremely low elongation
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Table 12. Growth index(%) of 6 plant species in media com-
posed of so0il(50%) and industrial by-products(50%)

Plant speciesb

Sample® Total growth
index”
Control' 467 3.50 N.D. ND.! 567 433 150
BFS N.D. 14 NDS NDY ND! 210  3.50
SMS 138 630 ND 105 930 0.90 40.7
BA 345 138 ND. 349 898 219 195
WG 134 230 ND.! 490 564 261 124
*BFS: blast furnace slag, SMS: steel manufacture slag, BA: bottom ash,
WG: waste gypsum, °LC: Lespedeza cuneata, AVO: Artemisia var.
orientalis, AHA: Arundinella hirta var., AF: Amorpha fruticosa, LCB:
Lespedeza cyrtobotrya, CB: Cosmos bipinnatus, ‘Control: soil(100),
N.D.: not determined due to extremely low elongation, “Total growth
index: cumulative values of each growth index of plant species
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