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STUDY OF PERMEABILITY OF GLASS-SAND SOIL

F. C. WANG/, X. N. FENG?2, H. GONG3, H. Y. ZHAO*

The drainage consolidation method has been efficiently used to deal with soft ground improvement. Nowadays,
it has been suggested to use a new sand soil which is a composite of sand and recycled glass waste. The
permeability performance of glass-sand soil was explored to judge the feasibility of glass-sand soil backfilled in
the drainage consolidation of sand-drained ground. For comparison purposes, different mix proportions of
recycled glass waste, fineness modulus, and glass particle size were analyzed to certify the impact on the
permeability coefficient and the degree of consolidation. The numerical results show that adding a proper
amount of recycled glass waste could promote the permeability performance of glass-sand soil, and the glass-
sand soil drain could be consolidated more quickly than a sand drain. Experiments showed that glass-sand soil

with the a 20% mix of recycled glass waste reveals the optimum performance of permeability.
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1. INTRODUCTION

A great deal of glass waste has polluted the environment, so studying its utilization in the
construction field has become attractive to global architecture researchers. Craig Polley, Steven M.
Crame, and Crus [1] found that glass aggregate is a satisfactory substitute for natural fine aggregate
at replacement levels up to 20% of the total aggregate in concrete; Taha and Nounu [2] proposed

that adding ground granulated blast-furnace slag, metakaolin, PGP, and lithium nitrate
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(LiNO3) can minimize the risk of the expansion of concrete through the substitution of recycled
glass waste; M. M. Y. Ali and A. Arulrajah [3] indicated that potentially up to 30% of recycled
crushed glass with particle size of less than 4.75 mm could be safely added to Class 3 recycled
crushed concrete in pavement subbase applications. Glass is a material composed of amorphous
silica and the main chemical composition of glass is the same as natural sand, so the chemical
properties of glass are similar to those of sand; Young’s modulus of glass is about 6, as sand is
about 6-7; glass and sand are similar in single-grained structure and natural density. Corrosion-
resistant and acid-resistant glass can therefore be used in civil engineering. In addition, recycled
glass waste particles are nearly the same as glass; Particles of glass are free of acute angles, and the
surface of glass particles is smoother than sand, so that it is easier for glass particles to overcome
friction resistance in fluid. The permeability performance of glass can be inferred to be ahead of
sand through the analysis above. Soft clay foundation is widely distributed in coastal cities all over
the world, and the drainage consolidation method has been a significant method for improving the
permeability of soft ground [4]. Researchers present many methods to enhance the efficiency of
consolidation in soft clay foundations. Zhiyong Deng and Zhiyi Zhang [5] indicated that explosive
Ram in soft clay foundation can effectively accelerate and strengthen deep consolidation.
Pothiraksanon and Bergado [6] performed the full-scale embankment consolidation test using
prefabricated vertical thermal drains; Fei Xie and Zhandong Wang [7] suggested that plastic
dewatering plates of preloading is one of the effective ways in deep soft soil; S.Horpibulsuk and
A.Chinkulkijnwat [8] proposed a columnar inclusion method for improving engineering properties
of soft clay ground; Najjar and Sadek [9] raised the effect of sand column inclusions on the drained
response of soft clays; S. K. Tewatia, Pratima Rani Bose, and Sridharan [10] put up the fastest rapid
loading methods of vertical and radial consolidations; Amiri, Esmaeily, and Mahouti [11] brought
about a realistic theory of soil consolidation; W. M. Yan and T. K. Sun [12] put forward the
coupled-consolidation modeling of a pile in consolidating ground. It can be predicted that good
permeability performance of glass substituted for part of the soil in a drain can accelerate the
drainage consolidation of the foundation. Considering the great impact on the degree of
consolidation of foundation, the study on the permeability coefficient of glass-sand soil is essential

to certify the feasibility of utilizing recycled glass waste as sand replacement in sand drains.
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2. EXPERIMENT METHODOLOGY

2.1. MATERIALS

A sand specimen was made using continuous grading natural sand, with maximum nominal size of
10 mm. Toughened glass scrap was used in this investigation. First, the recycled glass waste was
crushed by a jaw crusher when the specimen was clean, pure, and dry. Then, the specimen was
screened by a standard square-opening sieve with a maximum size of 5 mm left. Glass-sand soil
was naturally dried and sieved into five particle size sections of 2.36~4.75mm, 1.18~2.36mm,
0.6~1.18mm, 0.3~0.6mm, and 0.15~0.3mm. The particle size distribution curves of the tested soil

and the glass cullet is shown in Figure 1.
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Figure 1. The particle size distribution curves of samples

All sand particle size sections were replaced by the same glass particle size sections with the
substitution rate in demand. Every glass particle size sections and sand was compacted by the
investigators to gain different void ratios of the specimens. Volume density and mass density of the
specimens are required to calculate the void ratios of the tested sand and glass cullet, and therefore
we can utilize the Archimedes principle to verify the density of the specimens. The void ratios of all
particle size sections are summarized in Table 1. The mass contents of glass were set up in
increments of 10%, from 0% to 100%, with a void ratio of 0.410. The fineness modulus of different

glass-sand soil mixes with a void ratio of 0.410 are summarized in Table 2.
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Table 1. The value of the void ratio of each particle size section

Size section 2.36~4.75 1.18~2.36 0.6~1.18 0.3~0.6 0.15~0.3
0.359 0.376 0.391 0.410 0.410
0.366 0.387 0.399 0.418 0.413

Void ratio 0.373 0.393 0.410 0.426 0.424
0.380 0.402 0.414 0.431 0.433
0.387 0.410 0.422 0.439 0.442

Table 2. Fineness modulus of different glass-sand soil mixes

Specimen
1 2 3 4 5 6 7 8
number
Fineness
2.47 2.54 2.61 2.68 2.75 2.82 2.89 2.96
modulus

2.2. PROCEDURE

The constant-head test [13] was used for testing the permeability of glass and sand granules. The
basic laboratory test arrangement is shown in Figure 2. An ST-70 permeability meter was used in
the test. The parameters of the instrument are as follows: (a) the inside diameter is 100 mm (b) the
height of the metal cylinder is 400mm (c) the distance of the piezometer is 100£0.44mm (d) the
height of the specimen is 10cm. First, we layer the specimen in the cylinder with a height of 3~4cm
in each layer, the same mass in each layer assures that uniformity of the specimen is preserved.
Then, the clip of the infiltration pipe should be open while each layer of specimen is loaded to make
water slowly penetrate the infiltration pipe. Flow should be slow to guarantee the easy emission of
gas from within soil. The clip should be closed when the specimen is gradually saturated and the
water level should be lower than the top of specimen. A gravel layer is loaded to the top of the
specimen to avoid direct disturbance of the surface of the specimen. The distance from the top of
the specimen to the top of the metal cylinder is measured to calculate the height of specimen (L is
the height of the metal cylinder minus the distance from the top of the specimen to the top of the

metal cylinder). Then, the water supply device is closed until the water level is parallel to the
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infiltration pipe; the water level is kept steady to guarantee the permeation under constant head. The
parallel of three piezometer tubes is checked after standing for a few minutes. The disposal of
exhaust is needed if the three piezometer tubes aren’t parallel. The regulation pipe opening is
reduced to the top of specimen at the height of 1/3. Water should be spilled through the infiltration
pipe to guarantee the permeation under constant head. The stable water level of three piezometer
tubes is recorded in order to calculate the water level differences of the piezometer tubes and the
flow of water penetration in 60s for 9 times in average. You then reduce the regulation pipe opening
to the top of specimen at the middle and bottom of the 1/3 and repeat the steps above. Darcy’s law
proposes a method to obtain the permeability coefficient of the specimen using the following

formula [14]:

0
Q.1 k =

Where:
k — the permeability coefficient of the specimen, Q — the total quantity of flow across time t

. AH
(t=60s), A — thebasal area of the spccimcn(A=78.5cm3), i — the hydraulic gradient I = T L —the

AHy+AH,
2

height of the specimen, AH — the average water level (AH = ,AH; = hy —h, ,AH, = hy — h)).
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Filter plate

Figure 2. Parameters used for the test

3. RESULTS AND DISCUSSION
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3.1. PERMEABILITY COEFFICIENT OF GLASS-SAND SOIL AT DIFFERENT PARTICLE

SIZE SECTIONS

Figure 3 shows the comparison between the permeability coefficients of glass and sand at different
particle size sections under semilog coordination. It can be seen that the permeability coefficient
and the void ratio are directly related by less than one order of magnitude as the same single particle
size section of glass and sand. Figure 2 also shows that the curves of the glass are superior to those
of sand. This result indicates that the permeability coefficient of glass is greater than that of sand at
the same void ratio; due to the fact that the larger particle size sections of specimens have a larger
amount of holes, the permeability coefficient of glass-sand soil at different particle size sections
differs over several orders of magnitude. It is also recognized that the permeability coefficient is

low at the small particle size section.
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Figure 3. Permeability coefficient of glass and sand at different particle size sections
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3.2. FACTORS OF THE PERMEABILITY COEFFICIENT OF GLASS-SAND SOIL

3.2.1. EFFECT OF MASS MIXING OF GLASS

Results of mix proportion tests are shown in Figure 4 and it can be seen that the permeability
coefficient of glass-sand soil is obviously increasing in comparison with the sand. The permeability
coefficient of glass-sand soil increases to a point, then decreases, and then slowly increases again
with the increase of the glass content. First, the permeability coefficient of glass-sand soil is
increasing as the mix amount of glass varies from 0% to 20%;the permeability of glass-sand soil is
optimal with an increase of 60% when the glass mix amount is 20%. The reasons for the result are
as follows: the rate of water absorption by the glass is about 0.17% while by sand it is about
1%~3%; Also, the permeability of glass is greater than that of sand due to its smoother surface.
Then, the permeability coefficient of glass-sand soil decreases, but is still greater than sand as the
glass mix amount varies from 20% to 50%. Finally, the permeability coefficient of glass-sand soil
increases slowly as the glass mix amount varies from 50% to 100%. It’s obvious that the
permeability of the glass is 20% greater than that of sand. Certain conclusions can be derived from

the above data, mostly that a mixture of glass is beneficial to the permeability of sand.
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Figure 4. Permeability coefficient of glass and sand at different glass content

3.2.2. EFFECTS OF THE VOID RATIO

The effect of the void ratio is presented in Figure 5 with direct correlation. The permeability

coefficient of glass is greater than that of sand at the same void ratio. It can be deduced that the
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shape and surface of glass particles leads to an increase in permeability. Figure 4 also shows that the

permeability of the specimen is optimal with the added amount is 20%.
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Figure 5. Relationship between void ratio and permeability coefficient

3.2.3. EFFECTS OF THE FINENESS MODULUS

Figure 6 shows the effect of the fineness modulus using a mix amount of 20%. It is shown that the
permeability coefficient of glass-sand soil increases as the fineness modulus increases. This
happens because the average diameter is increased as the fineness modulus increases, which causes
an expansion of the void of particles, so that flowing resistance in the void of particles will be
reduced to enhance the permeability of glass-sand soil. The result of the decrease of the fineness

modulus is in contrast due to the void of particles to be filled with small particle.
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Figure 6. Permeability coefficient of glass and sand at different fineness modulus
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3.2.4. EFFECT OF HETEROGENEOUSNESS

Figures 7 and 8 show the particle size distribution of glass-sand soil in different uniformity and curvature
coefficients. The only predictive factor for the permeability coefficient of the glass-sand soil shown
in Figure 7 is the coefficient of uniformity with a void ratio of 0.389 and a curvature coefficient of
0.7. The only predictive factor for the permeability coefficient of the glass-sand soil shown in
Figure 8 is the coefficient of curvature with a void ratio of 0.389 and a uniformity coefficient of 8.
Figure 9 shows that the permeability coefficient of glass-sand soil at the same void ratio and
coefficient of curvature increases as the coefficient of uniformity increases. Figure 10 shows that
the permeability coefficient of glass-sand soil at the same void ratio and coefficient of uniformity
increases as the coefficient of curvature increases. Figures 9-10 also show that the permeability

coefficient of glass-sand soil varies on the same order of magnitude.
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3.3. FACTORS OF CONSOLIDATION OF GLASS-SAND SOIL FOUNDATION

The regular triangle distribution method was used in the glass-sand soil drain to treat soft ground.
The layout of the glass-sand soil drain [15] is shown in Figure 11. Soft clay is assumed to be
completely penetrated by the glass-sand soil drain. d is the diameter of the glass-sand soil drain, 1 is
the distance of the glass-sand soil drain, H is the length of the glass-sand soil drain, r is the diameter
of smearing, and kn and kv are the vertical and radial permeability. The parameters above are shown
in Table 3. The average degree of consolidation under the impact of drag and smearing can be

obtained using the following formulas [16]:

3.1) U.=1-—e

8¢
3.2 2oy b
(32) A 4H*  (F+2G)d?

il K )23
3.3) F_In[SJ+kS In(S) 2
k H :
A b
G G(k][d]
Where:

G — well resistance factor, S — smear ratio, which is the ratio of the diameter of smearing (d) to the diameter
d
of the effective range (dyy), n — the ratio of the diameter of the well (n = d—e), Ky, ky and ks— the
w

permeability coefficient of sand, foundation soil and smear layer, C;, and Cj,— the horizontal and vertical

consolidation coefficient. The parameters above are as follows:

(3.5) d = &-1:1.051:1.05x1.8:1‘89m
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v
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(3.6) p=de 189 _ g3
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(3.7) F= ln(@j + lln(z)—é =0.744
2) 2 4

Table 3. Properties of the glass-sand soil drain

d (m) 1 (m) H (m) r (m) kn (m/s)

ky (m/s)
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Figure 11. Layout of the glass-sand soil drain

Figure 12 shows the degree of consolidation in these factors with a time factor of 0.3. Figure 12 also

shows that the degree of consolidation is quite lumpy. The trends of the consolidation parallels with

the permeability of glass-sand soil are shown to demonstrate that the mixing of glass in a sand drain

can improve the degree of consolidation.
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Degree of consolidation
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Glass mixtures are beneficial to the permeability of sand. The permeability coefficient of the
specimen increases to a point, then decreases, and then slowly increases with the increase of

the glass content. The permeability of glass-sand soil is optimal when the glass mix amount
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Figure 12. Effect of Consolidation of Glass-sand Soil Foundation

4. SUMMARY AND CONCLUSIONS

is 20%.

The void ratio is an important factor affecting the permeability of glass-sand soil. The void

of the specimen increases as the void ratio increases which causes an enhancement of

permeability.
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3. The permeability coefficient of glass-sand soil increases as the fineness modulus increases

and the former is the latter by 11 times.

4. Particle size distribution of glass-sand soil has a great impact on its permeability. The
permeability coefficient of glass-sand soil at the same void ratio and coefficient of curvature
increases on the same order of magnitude as the coefficient of uniformity; the permeability
coefficient of glass-sand soil at the same void ratio and coefficient of uniformity increases on

the same order of magnitude as the coefficient of curvature.

5. All factors of glass-sand soil have a great impact on the degree of consolidation. The trends
of the consolidation parallels of the permeability of glass-sand soil demonstrate that the use

of glass-sand soil can improve the degree of consolidation.
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BADANIE PRZEPUSZCZALNOSCI GLEBY PIASZCZYSTO-SZKLISTEJ

Stowa kluczowe: gleba piaszczysto-szklista, wspélczynnik przepuszczalnosci, proporcje mieszania szkia, stopien konsolidacji

STRESZCZENIE:

W pracy oméwiono nowa mieszaning gleby piaszczystej, ktora zawiera piasek i odpady pochodzace z recyklingu szkta.
Skupiono si¢ na wskazniku przepuszczalnosci gleby piaszczysto-szklistej, aby oceni¢ wykonalnos$¢ gleby piaszczysto-
szklistej w konsolidacji drenazu gruntu drenowanego piaskiem. Dla celéw porownawczych przeprowadzono analizg
réznych ilosci zmieszanych odpadéw pochodzacych z recyklingu szkta, wskaznika miatkosci oraz wielkodci czastek
szkla, aby potwierdzi¢ wptyw na wspotczynnik przepuszczalnosei i stopien konsolidacji. Mozna przewidzie¢, ze dobra
przepuszczalno$¢ czgsci gleby zastapionej szklem w odplywie moze przyspieszy¢ konsolidacj¢ drenazu fundamentu.
Opracowano probke piasku przy uzyciu piasku naturalnego o jednorodnym gatunku, z maksymalng wielkoscia
nominalng wynoszaca 10 mm. W badaniu uzyto pozostatosci szkla laminowanego. W celu przygotowania réznych
wielkosci i gatunkow probek, gleba piaszczysto-szklista zostata naturalnie osuszona i przesiana w pigé czgsci wielkosci
czastek, tj. 2.36~4.75mm, 1.18~2.36mm, 0.6~1.18mm, 0.3~0.6mm i 0.15~0.3mm. Kazdy odcinek zostal zastapiony
tym samym odcinkiem czastki szkla, ze wspotczynnikiem zastgpowalnosci udostgpnianym na zadanie. Wszystkie
odcinki wielkosci czastek szkta i piasku zostaly sprasowane przez badaczy, aby uzyskaé rdézne wartosci
wspolczynnikéw porowatosci probek. Zawartos¢ mieszaniny szkla zostala przygotowana w przyrostach 10% z 0% do
100%, przy wspotczynniku porowatosci o wartosci 0.410. Wskaznik miatkosci roznych gleb piaszczysto-szklistych
zostat dostosowany ze wspétczynnikiem porowatosci o wartosci 0.410. W badaniu przeprowadzono test stalej glowicy i
uzyto miernika przepuszczalnosci ST-70 dla dobrej przepuszczalnosci granulek szkta i piasku. Prawo Darcy’ego
proponuje metode uzyskania wspotczynnika przepuszczalnosci probki, a zjawiska zostaty przedstawione w nastgpujacy
sposob: mieszanina szkla jest korzystna dla przepuszczalno$ci piasku. Wspotczynnik przepuszezalnosci probki wzrasta
do pewnego punktu, a nastgpniec maleje i ponownie powoli wzrasta wraz ze wzrostem zawartosci szkla.
Przepuszczalnos¢ gleby piaszczysto-szklistej jest optymalna, gdy warto$¢ mieszaniny szkta wynosi 20%. Wspétczynnik
porowatosci jest istotnym czynnikiem wplywajacym na przepuszczalnosé¢ gleby piaszczysto-szklistej. Porowatosé
probki wzrasta wraz ze wzrostem wspolczynnika porowatosci, co powoduje zwigkszenie przepuszczalnosci.
Wspotezynnik przepuszczalnosci gleby piaszczysto-szklistej wzrasta wraz ze wzrostem wskaznika miatkosci, a ten
pierwszy jest wigkszy od ostatniego o 11 razy. Rozktad wielkosci czastek gleby piaszczysto-szklistej ma ogromny
wplyw na jej przepuszczalno$¢. Wspotczynnik przepuszczalnosci gleby piaszczysto-szklistej, przy takim samym
wspotczynniku porowatosci i wspolczynniku krzywizny wzrasta na takim samym poziomie wielkosci jak wskaznik
roznoziarnistosci. Wspotczynnik przepuszczalnoéci gleby piaszczysto-szklistej przy takim samym wspotczynniku
porowatosci i wskazniku réznoziarnistosci wzrasta na takim samym poziomie wielkosci jak wspotczynnik krzywizny.
Wszystkie czynniki gleby piaszczysto-szklistej maja ogromny wptyw na stopieni konsolidacji. Tendencje w zakresie
warto$ci konsolidacji przepuszczalno$ci gleb piaszczysto-szklistych wykazuja, ze ich uzycie moze poprawié¢ stopien

konsolidacji.
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