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Abstract

:

Capillary rise tests were conducted on soil columns containing of three layers of sandy soils with coarser over finer over coarser sandy soil to investigate the effect of the relatively finer soil interlayer. The capillary rise height, rate, and water distribution were observed in laboratory tests of four layered soil columns, with two homogeneous (without the interlayer) soil columns serving as the controls. The final maximum height of the capillary rise in the soil column with the interlayer was larger than that of the column without the interlayer when the interlayer was laid around the water entry value of the underlying soil. The water content was not continuous in the entire soil profile with the interlayer, and a small matric suction gap was observed in the relatively fine soil between the soil column with and without the interlayer.
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1. Introduction


The capillary rise of water is an important phenomenon, as it can enhance the soil freezing, thawing, and settlements of buildings. It can also cause damage to both concrete and steel if the water contains erosive ions, or influences the water balance and management in irrigated areas with shallow groundwater tables [1] To evaluate the water capillarity of the soil, the maximum capillary height, the water content profile, and the rate of capillary rise are the three keys. Hird and Bolton [2] used the column test, which controlled the relative air humidity above sample surface and the temperature of the entire sample, to discuss the capillary height. Polansky and Kaya [3] proposed a model to predict the overall behavior of the capillary rise dynamics in a heated capillary tube. Liu et al. [4] proposed a new theoretical solution for quick and easy estimation of the maximum height of the capillary rise in homogeneous soil. However, the soil deposit is usually layered. Soil texture has a decisive effect on the hydraulic properties of soil, such as unsaturated hydraulic conductivities (k(h)), soil water retention curve (SWRC), field capacity, air entry value, and capillary rise height and rate [5]. Typically, the finer the soil texture is, the greater the porosity, the water retention capacity, and the maximum capillary height, but the permeability and the capillary rise rate are slower. the capillary rise height can also be influenced by the concentration of iron in the water [6,7] and the thermal conductivity [8].



Layering in the soil can affect both the downward infiltration and the upward capillary rise. Vertical infiltration in layered soils has been studied by many researchers [9,10,11]. All of these studies have reported that the infiltration in layered soils is complex because of the high nonlinearity of SWRC, hydraulic conductivity, various boundary and initial conditions, the textural contrast, and the hysteresis of SWRC, which increases the complexity further [12]. Compared with extensive research on the infiltration, the related reports about capillary rise in layered soils are relatively less, particularly on the water capillary rise process without evaporation. In a study of the capillary height in layered soil, the steady state capillary rise was strongly influenced by the depth of the water table, and soil with a finer layer overlying a coarser layer, a linear relationship was observed between the thickness of the coarser layer and the critical groundwater depth, below which capillary water could not enter into the upper finer layer [13]. In a study of the water content profile, Shokri et al. [14] demonstrated that a capillary pressure jump caused by the air invading the interface between the finer and the coarser layers, and that will significantly modify the water distribution as compared to the homogeneous soil profile.



In the present study, laboratory column tests and numerical simulations were used to investigate the characteristics of the water capillary rise in layered soils. The results show that the soil suctions on the two sides of the interface, where is higher than the maximum capillary rise height of the coarser soil, are not same when water flow reaches the hydrostatic equilibrium condition.




2. Experiments


2.1. Material Properties


In this study, two types of commercially available sandy soil, called k-7 and k-8, were used. The grain size distributions for the two soils are shown in Figure 1. According to the standard (Japanese Geotechnical Society 0131 [15]), the k-7 soil is a sand (S-F) with a fine fraction (<0.075 mm) of around 10%, and the k-8 soil is a fine sand (SF), if British standard (EN ISO 14688-2 [16]) is applied, the k-7 soil can be classified as even-graded sand, and k-8 soil is a medium-graded sandy silt. The k-7 soil, and the k-8 soil have specific gravities of 2.67 and 2.69, respectively. Saturated hydraulic conductivity tests [17] were conducted on the k-7 soil by using the constant-head method and on the k-8 soil with the falling-head method. In constant-head test setup, the water supply at the inlet was adjusted to make the difference of head between the inlet and outlet remains constant during the test procedure. While in falling-head test setup, water from a standpipe flows through the soil and the water head varies with time. The saturated hydraulic conductivity of both soils was determined using the arithmetic mean of three tests at a dry density of 1.58 g/cm3. The k-7 soil had a saturated hydraulic conductivity of 1.5 × 10−3 cm/s, and the value of the k-8 soil was 2.2 × 10−5 cm/s.



The soil water retention data of the soils were obtained during the wetting (sorption) process by using the two homogeneous soil columns, and then, the data points were fit to the van Genuchten model [18] by using the retention curve software (RETC [19]) to obtain the soil water retention curves (Figure 2a). The volumetric water content, θ, and the suction head, h, were related as follows:


  θ =  θ r  +      θ s  −  θ r          1 +     α h    n     m     



(1)




where θs and θr indicate the saturated and the residual values of the volumetric water content, respectively. α, m, and n are the fitting parameters. The hydrologic parameters are given in Table 1. By adopting the hydraulic conductivity model proposed by Mualem [20], we predicted the hydraulic conductivity of a soil as a function of either the volumetric water content or the suction head by using these fitting parameters and the saturated hydraulic conductivity, ksat. When the pore-connectivity parameter, l, was approximately 0.5 for many soils as originally proposed by Mualem [20], in terms of the suction head, the unsaturated hydraulic conductivity could be expressed as follows:


  k  h  =  k  s a t         1 −     α h     n m       1 +     α h    n      − m      2        1 +     α h    n       m 2       



(2)







This equation cannot be solved unless the value of m − 1 + 1/n is an integer. The simplest case is for the value of 0, which leads to m = 1 − 1/n. Under this limit, the unsaturated hydraulic conductivities as a function of the suction head following a wetting path are as given in Figure 2b.



The soil water retention data were measured by gravimetric sampling (Figure 2a). As shown in the Figure 2a, under the same suction, the k-8 soil has a larger volumetric water content than that of the k-7 soil, which means thar the k-8 soil has the higher water retention capacity. The air entry value of the k-7 soil is about 30 kPa, for the k-8 soil, the value is about 100 kPa, at same time under this suction, the k-7 soil is nearly residual condition. As shown in the Figure 2b, the saturated hydraulic conductivity of the k-7 soil is 100 times over that of the k-8 soil; however, the value decays quickly. Conversely, the hydraulic conductivity of the k-8 soil decrease slowly, therefore, the two curves intersect at the point where the suction is around 100 kPa.




2.2. Capillary Rise Experiments


The capillary rise experiments were conducted in the plexiglass column (Figure 3). Each column was composed with the same unit; the inner diameter and height were 100 mm and 200 mm, respectively, except at the position of the holes, where the time domain reflectometry (TDR) sensors were inserted. A rubber O-ring was placed in the groove, and the column units were connected to each other by bolts. The soils were first oven dried at 105 °C for 24 h (2017) and then placed into the columns. The soils were densified by vibration with a rubber hammer to achieve the target dry density of 1.58 g/cm3 for both the k-7 soil and the k-8 soil. As shown in Figure 4, four layered soil cases were set up. A porous stone was placed at the bottom of the columns, and a lip with a 5-mm-diameter hole was fixed on the top of the columns. A constant 2-cm positive water head was maintained at the bottom of the columns during the entire test procedure. Each layered case adopted the stratified structure as a sandwich with a 20-cm-thick middle layer of the k-8 soil and a layer of the k-7 soil on the other two sides. The difference among these cases was the height where the k-8 soil was laid; the k-8 soil layer was laid from 20 cm, 60 cm, 100 cm, and 120 cm in columns A, B, C, and D, respectively. Twelve water content sensors (TDR (EC-5, Decagon Co., Ltd., Pullman, WA, USA)) were installed in each column. Two other homogeneous soil columns were set up as the controls by using the same preparation procedure as that of the other four columns. The height of the homogeneous k-7 soil column was 2 m and that for the homogeneous k-8 soil column was 3 m at first. However, the capillary water reached the top surface of the soil profile. To avoid the effect of evaporation, the homogeneous k-8 column was tested for the second time, and the height was 4 m. The data were automatically obtained by the data logger every 5 min. After 240 days, the final water contents were directly measured by disassembling the column and oven method along the center of the columns at the height where the TDR sensors were installed.





3. Numerical Simulation


The software Hydrus (2D/3D) [21] was used in this study. Based on the Richards equation [22], the numerical model was established following the experimental work, as described above. The upper boundary was set as the atmospheric condition without evaporation. The lower boundary was assigned to the condition of constant saturated water content. The entire finite element method (FEM) mesh was discretized uniformly except for the interface of the two soils, where a mesh refinement was added. The initial volumetric water content of the FEM column was set to 0.003, which was a little larger than the residual water content of both the soils. Next, 12 observation points were added to each FEM unit, at different elevations that were the same as the location of the TDR sensors in the physical model.




4. Results and Discussions


In all of the columns, the capillary water increased gradually with time (Figure 5a). The capillary water entered the finer interlayer (k-8 soil in this case) if it was laid lower than the maximum capillary height of the underlying coarser soil. The highest maximum capillary height, 153 cm, which was higher than the maximum capillary height of the homogeneous k-7 soil, was obtained in column D. However, in the other three columns, the maximum capillary height was the same as that of the homogeneous k-7 soil column. Therefore, once the water flowed into the finer soil, whether the maximum capillary height of layered soil was higher than that of the homogeneous soil depended on the height where the finer layer was laid. If the sum of the finer layer thickness and the coarser layer thickness (distance from the water level) was less than the maximum capillary height of the coarser layer, the maximum capillary height of layered soil was equal to that of the homogeneous coarser soil; otherwise, the former was larger.



The rate of capillary rise was different and not constant for each case. The capillary rate showed a power function relationship to the elapsed time; the corresponding regression equation is shown in Figure 5b. The tendency of the capillary rise rate in all of the layered cases was similar, which might be attributed to the fact that the thickness of the finer layer (20 cm) occupied a small portion of the total layered soil height, except in the case of column A. For column A, the finer soil layer was laid at a low position near the water level; it limited the water flow velocity because of its own lower hydraulic conductivity compared with that of the coarser soil in the same suction value.



Figure 6 shows the volumetric water content profiles of all of the six columns. The two solid curves are the water content profiles of the homogeneous k-7 and k-8 soil column, and the results of the other four layered cases are drawn as scatter plots. The water content value of the k-7 soil at the height greater than the maximum capillary height of the homogeneous k-7 soil was approximately equal to the residual water content. The water could be stored in the finer interlayer, and the amount of water was larger than that of the k-7 soil at the same height, but lower than that of the homogeneous k-8 soil at the same height. This result indicated a “gap” of the water content or suction between the interlayer k-8 soil and the homogeneous k-8 soil. According to the common view, the suction at the interface should be equal at two sides, therefore the water content at the two sides should be equal to the value of the homogeneous soil column at the height when the water flows reach at hydrostatic equilibrium condition. In other words, based on the observed water content, the suction of the layered soil might not be continuous because of the interface between the two types of soils due to the very different between the air entry values of the two kinds of soils.



As shown in Figure 7, generally, at most of the observed points, the numerical results were consistent with the test results. However, the simulated results of the finer soil layer (k-8 layer) were lower than that of the test results (Figure 7b). This implied that even if the parameters in the simulation were same, it was difficult to ensure that the simulated results were consistent in all of the test cases. The effect of the interface played an important role in determining the characteristics of the water flow. Figure 7b shows that the measured volumetric water content increased with elapsed time. However, at observation point No. 4 (53 cm above the water level), the curve was not like the other observed results, which showed smooth increases; there was an obvious “slow down” process. The process started just before the water arrived at the adjacent higher observation point (No. 5, 63 cm above the water level) and ended when the volumetric water content of observation point No. 5 became steady. This result revealed that when the wetting front went through the interface between the coarser and the finer soil layer, the limit water from the lower section gave priority to the finer soil.




5. Conclusions


A series of capillary rise tests were conducted on soil columns of sand over fine sand over sand to investigate the effect of a relatively fine interlayer. In the layered soil, the water dynamics were affected not only by the interlayer properties and the thickness of the layers, but also by their spatial configuration. The soil water potential and the soil water distributions at equilibrium in the layered soil profile when the capillary water crossed the interlayer were different from those of the homogeneous soil column. The results showed that the water content was not continuous in the entire soil profile, and there were jumps at the coarser–finer soil and finer–coarser soil interfaces. The distribution of the matric suctions (calculated from the soil water retention curves) in this layered soil was similar to a profile without layering, but not the same. There was a small gap between these two wherever the finer layer in the middle was laid.



In the research work, the surface characteristics of soil particle such as the hydrophobicity was not taken into consideration. According to one of the reviewer’s oping, the oven method can cause the possibility of hydrophobicity of the soil; however, the extent of the hydrophobicity should be studied in the further research. Although the column experiments had been conducted twice, only the successful case was presented in the paper, the other was failed due to the underestimation of the maximum capillary height of the homogeneous k-8 soil. In engineering practice, using the coarser layer over finer layer can cut off the capillary water, which may take the salt rise to higher position in soil layer and cause the corrosion of concrete.
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Figure 1. Grain size distributions for the soils used in the column capillary rise tests. 
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Figure 2. (a) Soil water retention curves (main wetting), and (b) unsaturated hydraulic conductivity curves for the k-7 and k-8 soils. 
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Figure 3. Setup of the capillary rise in the layered soil. 
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Figure 4. Schematic of the setup of the layered soil columns. 
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Figure 5. Comparison of the capillary rise height (a) and the rate (b) between the layered soil profile and the homogeneous soil profile. 
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Figure 6. Water content distribution in the layered soil profile after the water capillary rise for 240 days. 
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Figure 7. Comparison of the water content distribution in the layered soil profiles obtained by the test and the numerical simulation. 
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Table 1. Parameters applicable to the main wetting curve.
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	Soil
	θs
	θr
	α (cm−1)
	n
	l





	k-7
	0.408
	0
	0.016
	3.420
	2.1



	k-8
	0.420
	0.001
	0.005
	1.929
	1
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-13-03374


  
    		
      applsci-13-03374
    


  




  





media/file8.jpg
= g PR Teyegr—
o cams J T
wf § G ; b S Sme® e
by F - § o=t
LM L 4§ § el \o-nae
5 —— y £t h
i — -
£ e i
£ FA i)
3 - 1 : P
i ki =
[ Bapios )

(a) Varying capillary rise height with elapsed time ~ (b) Varying capillary rise rate with elapsed time.





media/file11.png
Capillary rise height (cm)

300

250

200

100 [- _
| Capillary
X reigon
50 F
Yy _ ____
[ A AT enlry
0 [ l\rl lrcligf)rll L 'l L I 'l 'l L Il I L 'l L L l 'l L Il 'l I 'l L L L I L 'l 'l 'l I Il 'l L 'l l Il L
(.00 0.05 0.10 0.15 (.20 0.25 0.30 (.35 0.40

Adsorption

region

o4 pPOO

e
k-8 layer! V _ lg 89P
1 Vi

Column A
Column B
Column C
Column D
Homogeneous k-7
[Tomogeneous k-8
v(J simulation

v(5 simulation

Volumetric water content

0.45





media/file6.jpg
Vent to 3 Ventto
A B c D
2 Atmosphere E{ 2 Atmosphere E{
=] E = o
Lo bd TDR probe~|_P 12 12
=31 1
1 nd 10 =
p1o 10g B9 20-chks 9d
Es 5 £ P8 layr g
< b7 7
8 = 6 6
=X
7 5 5
P4 4q
b3 3d
B2 2q
5 2em | PL e
L&






media/file1.png
|
—— k—8 soil
—O0— k-7 soil

1{® 1073 10

Grain size (mm)

167

)
=)
—

B
F
o
.ﬂ_\u
L] | Lo
. i I
1o |

o))} oo > O v <t (ap' (@] —

(%) 9zIs ureln > uondeIj SSeW dANR[NWN))

10°





media/file13.png
0.15

Volumelric water content

0.10

0.05

0.00

0.45

0.40

0.35

0.30

0.25

0.20

Volumetric water content

T
C % 0O v AP OO

13 cm (a) Column A

23 em (k-8)
33 em (k-8)
43 cm
53 cm
63 ¢cm
73 c¢m
88 cm

)
i
L]

A0 I S gy ™y
& ..-'--.-.1----- AT T

—————
O l.‘a;‘?~‘ O Cl

FYTAY v A
yan TS
v R
B

‘\ el EE R R

b TR ks

0.001

0.1
Elapsed time (days)

o0 0 g adp oo

13 em {¢) Column C

28 cm
48 cm
68 cm
83 cm
93 cm
103 cm (k-8)
113 em (k-8)
123 ¢m
133 cm
143 cm
153 cm

Elapsed time (days)

0.45 ¢
L o 13cm (b) Column B
040F o 28cm RN RE N DT
E 4 43 ¢m Af' i i iy
035 F 9 53em 6 ‘.# a4 %c’d 2 <JO<I<I
b5 F 9 63cm(k-8) o Wl &
g (1.30 _— - 73 cm (k—8 i : vV 9 ¥NV9v
- e | ¢ B3om
= 025F 6 93em
= : \
S020F w# 108 cem |,
B ¢ 123 cm
2 :
R 2 L GEOO 0w
=] R T U pua
> 0.10 | S gannr
0.05 | ; /
0.00 f,.— i ¥V
0.001 0.01 10 100
0.45
L o 13cm (d) Column D
040 F o 28cm
A 48 em
= 0.35 - v 08c¢m
@ &5 E- 4 B3cin
§ ““F b 93cem
Pl ¢ 103 cm
1 B
E 923 B8 Y8Em
5020 F w 123 em (k-?%)
= [ @ 133 cm (k-8)
£ 015 2
© ;
= 010 |
0.05 |
0.00 F o —

aaaul L
0.001

1ol L Ll il
0.01 0.1

Elapsed time (days)





media/file10.jpg
Capillary rise height (cm)

300
250
200
150
100

50

A

Adsorption
region

Capillary

Aifeniiy
reigpn

8 layer! V.
kStayer) 7

Column A
Column B
Column C
Column D
Homogencous k-7
Tomogeneous k-3
—— G sinulation

G simulation

osabOoO

FE=

0.00

0.05

0.10

015 020 025 030 035

Volumetric water content

045





media/file7.png
Vent lo
Atmosphere

200 ¢m

20 cm|

2cm

4 T

Vent Lo
Atmosphere






media/file12.jpg





media/file9.png
300 1200
L. 8 Column A o B 0 ColumnA +# Homogencous k-7
[ © Column B 0 ; 0 ColumnB © Homogencous k-8
250 A Column C S 1000 |- A Column C Fitting curve
- v Column D o ~ ¥ v ColumnD
g #  Homogeneous k-7 00 3 ; -2 A4 sof
=200 | & ) 0 g 200 |- y ) 28.819x "
2] ©  Homogeneous k-8 s 4 i R*=0.98 )
- i o 2 =
—g = 0 E ‘::: 3
Q1150 _Maximum capillary height OO ______ P g 600 =
= 5 : = - O m Q — :;' i
5. » of homogencous k-7 soil " ol o > 2
2 N A o 8%0 = i 2 =
.gmn_- - or ¥ z 400 we&eoﬂ
o g% o O © ! — TR S
50 :_ Of O 8 200 i Elasped Time {days)
L o¥ o ot
f “0 0
E * §
(& # 0 b S R R e ~
0 sl 4 g s aaaul i L4 A alsa | 1 Lo s aasal M WE T | L 0 — 1 A
0.01 0.1 1 10 100 0.01 0.1 | 10 100
Elasped time (days) Elasped time (days)

(a) Varying capillary rise height with elapsed time (b) Varying capillary rise rate with elapsed time





media/file5.png
....:._J aJ.S___

.ilm






media/file3.png
Volumetric water content

0.4

0.0

0.3

0.2

k—8 soil
k—7 soil
Fitting curve (vG model)

(a)

10

100

Suction head, /# (cm)

Hydraulic conductivity, £ (cm/s)

—_— — P P — —_—
) o o o o o
K & n EN G 1o

e
==}
oo

o e oo e

3 o  k—7 soil

! o k-8 soil

Fitting curve (vG model) s
. - - - -Fitting curve (vG model)

-l 1 roa s aaaal N o1 gl X roa 3 aaaal 11
0.1 1 10 100 1000

Water pressure head (cm)






media/file4.jpg





media/file0.jpg
T
—0— k-8 soil

‘:&

hl

|
g

L

o
|—1°]

§

EEEEEEEEE

(%) az1

BAD) > UONOBY SSEW dANE[WND)

°

102 10°% 104

Grain size (mm)

10"

2





media/file2.jpg
Volumetric water content

k)

Hydrutic conduciv

o ksl
o ksl

—— Fitingcuve (4G model)

Fiting cure (4G mode)

B

Sution hesd, (em)

G






