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P O

Abstract

Centrifuge model testing can reproduce the in-situ stress state of soils. It has been widely
used in studies of foundation settlement. However, the scaling laws for rainfall infiltration
have not been fully validated by systematic experimental evidence. In this study, the scal-
ing laws for rainfall infiltration are derived from the classical Green-Ampt model and the
first similarity theorem. These scaling laws are then validated by centrifuge model tests
on unsaturated soil foundations under different g-levels. The results show clear proto-
type-to-model scaling relationships. The scaling laws for wetting-front migration velocity,
saturated hydraulic conductivity in the wetted zone, and infiltration time are 1, 1:1, and
N2:1, respectively. These results agree well with the theoretical derivations. The Gardner
equation is also verified as an effective criterion for evaluating suction similarity. Suction
similarity can be maintained when the centrifuge-induced suction calculated from the
Gardner equation is smaller than the initial soil suction. However, suction similarity is no
longer valid when the calculated suction exceeds the initial soil suction. In this case, the
centrifugal acceleration increases the initial soil suction.

Keywords: unsaturated soil; rainfall infiltration; scaling law; centrifugal model test; wet-
ting front

1. Introduction

The reliability of centrifuge model tests depends on appropriate scaling laws. These
laws allow the measured model response to be extrapolated to the prototype scale. For
rainfall infiltration in unsaturated soils, the main physical quantities include seepage ve-
locity, infiltration time, wetting-front depth, hydraulic conductivity, water content, and
suction.

Previous studies have examined scaling laws for several unsaturated seepage prob-
lems. Cargill et al. [1] studied transient seepage in an earth dam during water-level rise
and drawdown under different centrifugal accelerations. Their results showed that the
scaling ratios of seepage velocity and seepage time were 1 and N”:1, respectively. These
results were generally consistent with theoretical predictions. Culligan et al. [2] investi-
gated finger flow at 1g and 10g. They found that the finger width in the model was about
1/N of that in the prototype, and the finger-flow velocity in the model was about N times
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that in the prototype. Rezzoug et al. [3] conducted centrifuge model tests on capillary rise
in soils with different densities and g-levels. Their results showed that the scaling ratios
of rise height, rise time, and rise velocity were 1, N*:1, and 1, respectively. These scaling
laws were further confirmed by numerical simulations and centrifuge model tests re-
ported by Crancon et al. [4] and Thorel et al. [5].

Theoretical studies have also provided important support for unsaturated seepage
scaling. Dell” Avanzi et al. [6] derived the governing equation for unsaturated seepage
based on Darcy’ slaw and Richards’ equation. Their derivation assumed constant soil
volume and permeability independent of the acceleration field. They showed that the suc-
tion profile in the model can be identical to that in the prototype under a nearly uniform
acceleration field. They also obtained scaling ratios of 1, N:1, and N*:1 for seepage velocity,
flow rate, and seepage time, respectively. Gragnano [7] validated these scaling laws by
comparing numerical results with centrifuge model test data. Later studies have widely
adopted these relationships in centrifuge model tests involving unsaturated seepage [8 -
10].

These studies have improved the understanding of transient unsaturated flow in cen-
trifuge modeling. They mainly focused on water-level variation in earth dams, finger flow,
and capillary rise. However, rainfall infiltration has a different hydraulic boundary con-
dition and a distinct wetting-front evolution process. Many centrifuge model tests have
been conducted on rainfall-induced slope instability. In these tests, the existing scaling
laws for unsaturated seepage were usually adopted directly. Direct and systematic exper-
imental validation of the scaling laws for rainfall infiltration remains limited.

Suction similarity is another key issue in centrifuge modeling of unsaturated soils.
Centrifugal acceleration may change the water content and suction of the model soil. This
change can alter the initial hydraulic state of the model. It may also weaken the similarity
between the model and the prototype. Therefore, suction similarity is a prerequisite for
reliable simulation of rainfall infiltration in unsaturated soils. Gardner [11] first proposed
a relationship between centrifuge angular velocity and suction. Gens [12] noted that con-
solidation under hypergravity may reduce soil suction. With the development of minia-
ture tensiometers [13,14] and micro-TDR probes [15], real-time monitoring of suction and
water content in centrifuge tests has become possible. However, a clear criterion for suc-
tion similarity is still lacking. Experimental validation of such a criterion is also insuffi-
cient.

This study derives the scaling laws for rainfall infiltration in unsaturated soils based
on the classical Green - Ampt model and the first similarity theorem. The derived scaling
laws are then validated using centrifuge model tests on unsaturated horizontal soil foun-
dations under different g-levels. The scaling relationships for wetting-front migration ve-
locity, infiltration time, and saturated hydraulic conductivity in the wetted zone are ex-
amined. In addition, the Gardner equation is used to calculate the maximum suction in-
duced by centrifugal acceleration. The calculated suction is compared with tensiometer
measurements. This comparison is used to evaluate whether the Gardner equation can
serve as a criterion for suction similarity in centrifuge modeling of rainfall infiltration.
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2. Derivation of Scaling Laws
2.1. Scaling Laws for Rainfall Infiltration

The Green-Ampt model assumes a homogeneous soil and the existence of a distinct
horizontal wetting front during infiltration. Ahead of the wetting front (i.e., in the unsatu-
rated zone), the soil water content remains at the initial water content 6; (hereinafter, wa-
ter content refers to volumetric water content; volumetric water content equals gravimet-
ric water content multiplied by the soil dry density). Behind the wetting front (i.e., in the
wetted zone), the soil is saturated with a water content 6. Water flow in the wetted zone
follows Darcy’s law, and the saturated permeability coefficient ks in the wetted zone is
assumed constant. The suction head at the wetting front syis also assumed constant. Mois-
ture diffusion in the unsaturated zone is neglected, and only one-dimensional vertical
flow is considered [16-19].

In this model, the constant water head at the ground surface is denoted as H, and the
depth of wetting front penetration is z;, which is a function of infiltration time ¢. The ex-
pression for the suction head at the wetting front s¢ is as follows:

_ Vv
Sf_m 1)

In Equation (1), ¢ denotes the suction at the wetting front. The parameter g is the
gravitational acceleration, and pw is the density of water.

The origin of the z-axis is set at the ground surface. The positive z-direction is upward.

The hydraulic head at the ground surface is H. The hydraulic head at the wetting front is
-(sftzf). Therefore, the hydraulic gradient across the wetted zone is (sf+zs+H)/ zr. According
to Darcy’s law, the infiltration rate at the ground surface i can be expressed as:

g Bt H o
Zr
The soil layer thickness and the constant water head H are scaled by a prototype-to-
model ratio of N:1. Based on this known scaling relationship, the scaling laws for the phys-
ical quantities in Equation (2) can be derived using the first similarity theorem. For the
prototype, the infiltration rate i, is expressed as:

. Z, +s, 4,
i =k
p s, z (3)
Iy
For the model, the infiltration rate in can be expressed as:
z, +s, +H
: S " m
b =K, (4)
.
The following scaling factors are defined:
k z, S,
p-» B - B =-L B =L B _4,
i T kg k zr Sy s H — H
lm Sm S e m
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where each scaling factor represents the ratio of the corresponding prototype quantity to
the model quantity. Substituting the scaling factors in Equation (5) into the prototype
equation (Equation (3)) and rearranging the terms gives:

B

51 H

3 Z, + Sy +—B H,

. k zy zy

i =—k, (6)
B Zy,

For Equation (6) to have the same form as the model equation (Equation (4)), the following
similarity condition must be satisfied:

B, B, B
ks = L TH _ 1 (7)
Bi Bz I Bz/

According to the scaling law for saturated seepage, Bj, =1/N. Based on Equation (7),
geometric similarity between the prototype and the model requires B;=1/N. Since By=N,
both B, ; and Bg , are also equal to N.

The scaling factor for gravitational acceleration is:

g 1
B ==F=— ®
g, N
From Equation (1), the scaling factor for suction is obtained as:
Bl// = ﬁ =1 (9)
Wﬂl

The relationship between infiltration time ¢ and wetting-front penetration depth zris ex-
pressed as:

6.~
t=-

zZ, —(Sf +H)ln— (10)

s

The first similarity theorem is then applied to Equation (10). The same soil is assumed
for the prototype and the model. Centrifugal acceleration is also assumed not to change
8;. Therefore, By, and By_. It follows that the scaling factor for infiltration time is B,=N?/1.

The wetting-front migration velocity vris related to the wetting-front penetration
depth and infiltration time as:

y, =—L (11)

Applying the first similarity theorem to Equation (11) gives B, =1/N. Table 1 sum-

marizes the scaling laws obtained from the above derivation.

Table 1. Scaling laws for physical quantities involved in rainfall infiltration in unsaturated soils.

127
128
129
130

131

132
133
134
135

136

137
138
139
140
141
142

143

144
145
146

147

148
149
150
151

152

153
154
155
156
157
158
159

160

161
162
163
164
165



- Physical quantity Dimension  Prototype Model

Soil layer thickness L N 1
Constant water head H L N 1
Known scal-  Initial water content in . )
. Dimensionless 1 1
ing laws unsaturated zone 0i
Saturated water content . .
. Dimensionless 1 1
in wetted zone 0s
Wetti f t trati
etting front penetration L N 1
depth z
Sucti head at tti
uction head at wetting L N 1
front sf
Suction at wetting fronty ML-1T-2 1 1
Wetting front migration
Derived scal- & ) & L/T 1 N
. velocity vy
ing laws - —
Infiltration time ¢ T Nz2 1
Saturated permeability
coefficient in wetted zone L/T 1 N
ks
Infiltrati te at d
nfiltration rate at groun LT 1 N

surface i

2.2. Criterion for the Suction Scaling Law

As discussed above, the derivation of the scaling laws assumes that centrifugal force
does not change the initial water content 8;. Under this assumption, the scaling ratios for
water content, suction, and suction head are all 1:1. However, pore water may drain from
the soil during centrifuge rotation. If the initial water content changes under hypergravity,
the suction in the model will no longer be similar to that in the prototype. This breaks the
similarity of the initial hydraulic conditions. It may also affect the similarity of the test
results.

Figure 1 illustrates the basic concept of the Gardner equation. Consider a small, ini-
tially saturated soil specimen under free-drainage boundary conditions. If the specimen
is placed at the rotation axis of the centrifuge, its rotation radius r is zero. The centrifugal
force is then zero. In this case, the suction remains equal to its initial value of 0 kPa, namely
o=0kPa.

If the initially saturated specimen is placed at a finite rotation radius r, drainage oc-
curs under centrifugal force. Drainage continues until equilibrium is reached. The suction
at equilibrium is denoted as . Gardner [11] proposed the following relationship between
the centrifuge angular velocity w and the induced suction :

dy _pro (12)
dr g

where p is the density of the pore fluid, and g is the gravitational acceleration. Integrating
Equation (12) from O to r gives:

2 2

T pro prw

lp:f()

g 29

(13)
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In actual centrifuge model tests, the soil at a rotation radius r is usually unsaturated.
Its initial suction 1o is therefore not equal to 0 kPa. Assume that the applied centrifugal
acceleration is N1g at the same rotation radius. The maximum suction 11 that can be gen-
erated in an initially saturated specimen at this radius can be calculated using Equation
(13).

If Yr>1po, the centrifugal force at Nig can increase the initial suction of the soil. As
noted above, the scaling ratio for suction should be 1:1. In this case, the suction in the
model is not similar to that in the prototype. If i<ty the centrifugal force at N1g does not
change the initial suction of the soil. The suction in the model is then similar to that in the
prototype.

The Gardner equation [11] can therefore be used as a criterion for suction similarity.
In centrifuge model tests, the angular velocity w is usually not given directly. The applied
g-level N is usually provided instead. The corresponding reference radius is generally the
centrifuge arm length R. Thus, Equation (13) can be rewritten as follows. Given:

Ng=Rw? (14)
Since w does not vary with changes in the rotation radius, it follows that:

R

N
=2 (15)

The distance r from the soil to the centrifuge axis is generally smaller than the centri-
fuge arm length R. Substituting Equation (15) into Equation (13) gives:

2
__pNr
Yo = r

(16)

Equation (16) is equivalent to Equation (13). It can be used to evaluate whether suc-
tion similarity is satisfied for a soil with a given initial suction under a specified centrifugal
g-level. The validity of this criterion is examined in the following sections.

Centrifuge rotor shaft

(o) "
3 Ng=Rw?

o priw? _
= —2g =

pNI'Z
2R

thorough
drainage

aturation ()

Figure 1. Schematic diagram of the Gardner equation

3. Experimental Validation

The derived scaling laws and the proposed criterion for suction similarity were vali-
dated by centrifuge model tests. The tests simulated rainfall infiltration in horizontal un-
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saturated soil foundations. This section briefly describes the test soil, test equipment, mon- 227
itoring instruments, test program, model preparation, and test procedure. Detailed infor- 228
mation can be found in a previous study by the authors [20]. 229
3.1 Test soil 230

Table 2 presents the physical properties of the loess used in the tests. The soil was 231
collected from Xi’an, Shaanxi Province, China. It is classified as clayey silt. Figure 2 shows 232
the drying and wetting soil-water characteristic curves (SWCCs) of the compacted loess 233

with a dry density of 1.45 g/cm?. 234
Table 2. Physical properties of the test loess 235
Property Value
Percentage of sand (>0.075 mm) 2.20%
Percentage of silt(0.075-0.005 m) 71.80%
Percentage of clay(<0.005 mm) 26%
Specific gravity 271
Maximum dry density (g/cm?) 1.705
Optimum water content 19.30%
Plastic limit 22%
Liquid limit 36.70%
Plasticity index 14.7
Saturated permeability coefficient
1.29x10~7
(dry density 1.45 g/cm?)(m/s)
236
237
60 -
9 Ly
ol e:e,+(e;e,‘)x[ J
2% N I+ (ay)
(]
€40
8
830
[
=
£20
g —A— drying (a=0.03364,n=1.48291)
5101 —A— wetting (a=0.03182,n=1.46478)
g 0 O Measured data points under 40g
0.1 1 10 100 1000 1000C
Matric suction (kPa) 238
Figure 2. SWCCs of compacted loess with a dry density of 1.45 g/cm’* 239

3.2 Test equipment 240

The tests were conducted on the ZJU-400 centrifuge at Zhejiang University [21] (Fig- 241
ure 3), which has an arm length R of 4.5m. A self-developed onboard rainfall simulator 242
[22] (Figure 4) was used. 243

244

245
Figure 4. Photograph of the rainfall simulator 246




oped by the authors' research group, as shown in Figure 5(a). Suction monitoring was
performed using miniature tensiometers developed by Chen Rui et al. [14], as shown in
Figure 5(b).

a.

izontal loess foundation. The model foundation was 50 cm long, 40 cm wide, and 28 cm
thick, as shown in Figure 7(a). The constant water head was 3 cm. The dry density of the
compacted foundation was 1.45 g/cm?. The target water content of the prepared loess was

Water content monitoring was carried out using miniature TDR probes [15] devel-

Miniature TDR probe

Figure 5. Instruments for monitoring soil response used in the tests
3.3 Test scheme
Figure 6 shows the overall test layout. The test simulated rainfall infiltration in a hor-

27.55%.

Medium
sand

b. Miniature tensiometer

Nozzles

Reserved water storage layer

Geotextile

Rainfall simulator

-Air and water vents

Figure 6. Schematic diagram of the overall test layout

struments were arranged in three layers: upper, middle, and lower layers. One TDR probe
and one tensiometer were placed in each layer. Figure 7(b) shows the plan view of the
instrument layout. The TDR probes in the three layers were arranged in a staggered pat-

Figure 7(a) shows the cross-sectional layout of the monitoring instruments. The in-

tern.
|
!
= 50.0 =
o T =
@ 7] IE
| | _ TR, | Tt |
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= 0= D XU SR
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a. Cross-sectional view
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14.0 : Jﬁ =
TDRa-j—‘PTIi LQ =
1140 &
TDR2 =7 : T2
1

i Acrylic glass

b. Top view

Figure 7 Layout of monitoring instruments in the model foundation (T: tensiometer)

The tests included three parallel groups. The only variable was the centrifugal accel-
eration level. The selected g-levels were 20g, 40g, and 60g. The 40g test is used here as an

example. At the model scale, the rainfall simulator applied a rainfall intensity of 387 mm/h.

This value corresponds to a prototype rainfall intensity of 9.7 mm/h. It is equivalent to a
hydraulic conductivity of 1.1 x 10-* m/s. At 1g, the measured saturated hydraulic conduc-
tivity of the loess with the same dry density was 1.8 x 107 m/s. According to the theoretical
scaling law for saturated seepage, the saturated hydraulic conductivity at 40g should be
40 times the value at 1g. The corresponding value is 7.2 x 10-¢ m/s. The rainfall intensity
at the model scale was much higher than this value. Therefore, surface ponding formed
rapidly on the foundation.

When the ponded water depth exceeded 3 cm, water began to drain through the
overflow holes on the baffles at both sides of the foundation, as shown in Figure 7(a).
Continuous rainfall was then maintained to keep a constant water head of 3 cm. During
constant-head infiltration, soil water content and suction were recorded using the TDR
probes and tensiometers. The centrifuge was decelerated and stopped after all monitoring
layers showed clear responses and the measured values became stable.

4. Test results

Figure 8 shows the measured responses during rainfall infiltration at 40g. The solid
line represents the suction measured by the tensiometer with a sampling interval of 1 s.
This interval allowed accurate determination of the wetting-front arrival time. The wet-
ting-front arrival time is defined as the time when the wetting front reached the monitor-
ing point. The solid symbols represent the water content measured by the TDR probes.

Figures 9 and 10 show the time histories of suction and water content at 20g and 60g,
respectively. The wetting-front arrival times and wetting-front migration velocities are
summarized in Table 3.The wetting-front migration velocities showed only small differ-
ences among different depth intervals. This result indicates that the wetting-front migra-
tion velocity in the horizontal foundation remained nearly stable during rainfall infiltra-
tion.As shown in Figure 2, the measured suction and water content data at 40g agree well
with the soil-water characteristic curve obtained from the pressure plate test at 1g. This
agreement confirms the reliability of the miniature tensiometer and TDR measurements
under hypergravity.
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Figure 8. Measured suction and water content at 40g
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Figure 10. Measured suction and water content at at 60g
Table 3. Wetting front arrival time and migration velocity measured by tensiometer
level Wetting front arrival time (s) Wetting front migration velocity(m/s)
g-leve
at5.5cm at135cm at21.5cm 5.5-13.5cm  13.5-21.5cm  5.5-21.5cm
20 2417 8299 14360 1.36x10- 1.32x10- 1.34x10-
40 1326 4330 7323s 2.66x10-5 2.67x10° 2.67x10°
60 976 2941 4814 4.07x105 4.27x105 4.17x105

5. Validation of scaling laws
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5.1 Validation of scaling laws for rainfall infiltration

Table 4 presents the wetting-front migration velocity vr at different g-levels. It also
presents the water content and the corresponding degree of saturation before and after
the tests. The results show that the ratios of wetting-front migration velocities are close to

the ratios of the applied g-levels. This agreement validates the scaling law for vrlisted in
Table 1:

_Y 1
By =0-7% (17)

Slight deviations are observed for the 20g/60g and 40g/60g cases. These deviations
may be related to differences in the initial water content of the model soil at different g-
levels. The wetting-front migration velocity at 60g is slightly higher than the values ex-
pected from the 20g/60g and 40g/60g ratios. This result corresponds to the slightly higher
initial water content of the model soil at 60g, as shown in Table 4. A higher initial water
content can increase the unsaturated hydraulic conductivity of the soil. It can therefore
lead to a faster wetting-front migration velocity.

Table 4. Wetting front migration velocity, water content, and corresponding degree of saturation

Average Average Average
g-leve o water con- water degree. of . 0. o
tent be- content  saturation
1 (m/s) (m/s) (%)  (cm)
fore after after test
test(%) test(%) (%)
20 1.34x105 27.6 37.7 81.1 1.12x106 395  0.774
40 2.67x10° 27.5 38.6 83 226x10¢  39.1  -0.087
60 4.17x10° 28.0 39.6 85.2 3.61x10¢ 387 -1.124

Equation (10) was used to derive the scaling laws for the other physical quantities.
The ponding water depth, (H), was 3 cm in all tests. The suction time-history curves at the
three monitoring points were used to determine the suction breakpoints. These break-
points represent the wetting-front arrival times t. They correspond to three wetting-front
penetration depths, (z_f), which were equal to the burial depths of the monitoring points:
0.055 m, 0.135 m, and 0.215 m. Thus, each monitoring point provided one equation.

The 40g test is used as an example. As shown in Figure 8, the water contents at the
three monitoring points before the test were 26.68%, 27.55%, and 28.30%, respectively.
After the test, the corresponding values were 40.75%, 38.43%, and 36.69%, respectively.
The water contents were not identical before and after the test. This condition does not
fully satisfy the assumption of the Green—-Ampt model. The difference in water content
among the three monitoring points became larger after the test. This was mainly caused
by the limited infiltration duration. The three monitoring points did not reach the theo-
retical saturated state. Therefore, the monitoring point closer to the constant water head
had a higher water content after infiltration.

To reduce calculation errors, the measured values of 8i were substituted into Equa-
tion (10). The saturated water content 6s was treated as the first unknown. According to
Equation (1), the suction head at the wetting front sf varies with the g-level. Therefore s
was treated as the second unknown. The saturated hydraulic conductivity of the wetted
zone ks also varies with the g-level. Thus ks was treated as the third unknown. The known
and unknown quantities were then substituted into Equation (10). This procedure pro-
duced a system of three equations. The three unknowns 6, s;, and ks were obtained by
solving this system.
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1326= 05—0.2668

[o 055—(s¢+0.03) In M]

5¢+0.03
0.135+s¢+0.03
$7+0.03 ]
0.215+s¢+0.03
5¢+0.03 ]

05—0. 2755

4330="22220.135-(5¢+0.03) In (18)

7323="2% 02w [o 215—(s¢+0.03) In

The same procedure was applied to the 20g and 60g tests. To reduce errors caused
by differences in initial water content among different g-levels, the initial water contents
for the 20g and 60g tests were set equal to those used in the 40g test. The corresponding
systems of equations are given in Equations (12) and (13), respectively.

05—0.2668 0.055+s¢+0.03

2417=%"02668 [0 055—(s;+0.03) In W]
_ 8,-0.2755 _ 0.135+s¢+0.03
§299=211% [0.135 (sr+0.03) In =200 ] (19)
14360= 802830 [0 215—(s;+0.03) In 0215+sf+0.03]
$+0.03
973= %-02668 05—0.2668 [0 055 (Sf+0 03) In 0055+Sf+0.03]
s¢+0.03

eS 02755 0.135+s¢+0.03
2941= [0.135—(s+0.03) In nEEOn ] (20)
4814= 95 02830 [0 215 (Sf+0 03)1 0215+Sf+0.03]

s¢+0.03

The calculation results from Equations (18)-(20) are presented in Tables 4 and 5. The
ratio of saturated hydraulic conductivity in the wetted zone at different g-levels is equal
to, or slightly smaller than, the ratio of the g-levels. This trend is similar to that observed
for the wetting-front migration velocity. It indicates that the saturated hydraulic conduc-
tivity in the wetted zone ks follows the theoretical scaling law:

ksp 1
B, =i 2= 1)

The calculated saturated water contents in the wetted zone are very close at the three
g-levels. They also differ only slightly from the measured water contents after rainfall in-
filtration, as shown in Table 4. This agreement supports the reliability of the calculated
values. It also indicates that the saturated water content in the wetted zone follows the
theoretical scaling law:

=01 (22)

The calculated suction heads at the wetting front are negative for the 40g and 60g
tests, as shown in Table 4. However, the suction head at the wetting front should be pos-
itive in the Green—Ampt model. This discrepancy may be caused by errors in the meas-
ured suction breakpoint times at 40g and 60g. The calculation results are sensitive to the
wetting-front arrival time ¢. A small change in ¢ can cause large variations in the saturated
hydraulic conductivity ks, the saturated water content in the wetted zone 0s, and the suc-
tion head at the wetting front sy.

From Table 5, the ratio of wetting front migration velocities at 20g and 40g is:

Vo _ 1

=- (23)

Vi 2

The distances between the three monitoring points were the same in the 20g and 40g
tests. Therefore:
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Zfy0 __

1
1 (24)

Zfa

Based on the expression for the wetting front migration velocity vf (Equation (11)), it

follows that:

t20 _ 2
o 1 (25)

Table 5 compares the wetting-front arrival times at the three monitoring points under
different g-levels. As the depth of the monitoring point increased, the ratio of wetting-
front arrival time between different g-levels became closer to the inverse ratio of the g-
levels. This result indicates that the error in the arrival-time ratio decreased with increas-
ing infiltration depth and infiltration time. Therefore, the infiltration time ¢, follows the
theoretical scaling law.

Table 5. Comparison of physical quantities between different g-levels

Index 20g/40g 20g/60g 40g/60g
vf 1.0/2.0 1.0/3.1 1.0/1.6
ks 1.0/2.0 1.0/3.2 1.0/1.6
s 1.0/1.0 1.0/1.0 1.0/1.0

Wetting front arrival time t at
1.8/1. 2.5/1. 1.4/1.
5.5 cm depth /10 510 /10
Wetting front arrival time t at
1.9/1.0 2.8/1.0 1.5/1.0
13.5 cm depth / / /

Wetting front arrival time t at

2.0/1.0 3.0/1.0 1.5/1.0
21.5 cm depth / / /

5.2 Validation of the suction scaling law

The suction scaling law was evaluated using the Gardner equation, as given in Equa-
tion (16). Figures 11-13 show the time histories of water content, suction, and centrifugal
acceleration during centrifuge acceleration. The target g-levels were 20g, 40g, and 60g,
respectively. As stated above, the centrifuge arm length R was 4.5 m. The rotation radius
r at each monitoring point was determined from the positions of the three tensiometers in
the model foundation. These positions corresponded to the upper, middle, and lower lay-
ers shown in Figure 7(a).

Table 6 presents the measured suction values at different g-levels. It also presents the
suction values calculated using the Gardner equation. At 20g and 40g, the calculated suc-
tion values were smaller than the measured suction values at all monitoring points. This
result indicates that the centrifugal force at 20g and 40g did not change the initial suction
of the soil. Therefore, the suction in the model soil remained similar to that in the proto-
type. The measured results support this judgment. The maximum suction decreases at the
same monitoring point were only 0.6 kPa at 20g and 1.1 kPa at 40g. These changes were
very small compared with the initial suction values at 1g. Thus, the Gardner equation
provides a reasonable criterion for evaluating suction similarity in these two tests.

At 60g, the suction values calculated using the Gardner equation were larger than
the measured suction values at all monitoring points. This result indicates that the centrif-
ugal force at 60g could change the initial suction of the soil. Therefore, the suction in the
model soil was not similar to that in the prototype. The measured results show that the
suction at each monitoring point increased by 7.8-8.5 kPa compared with the initial value.
This again supports the judgment based on the Gardner equation.
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Although suction similarity was not satisfied at 60g, Table 5 shows that the wetting-
front migration velocity ratios at different g-levels still followed the theoretical scaling
laws. This result indicates that the suction increase of 7.8-8.5 kPa at 60g did not cause a
significant error in the wetting-front migration velocity. Further research is needed to de-
termine the allowable suction difference between Ng and 1g without causing significant
errors in the scaling laws. According to the Gardner equation, the suction at 60g should
theoretically increase by 26.8-43.1 kPa. However, the measured increase was only 7.8-8.5
kPa. This difference may be related to the drying behavior of the soil. The drying process

at 60g is similar to that at 1g. A higher soil suction requires a longer time for further drying.

Figure 13 shows that the measured suction decreased during acceleration from 0Og to
40g. This phenomenon may be explained by two factors. First, the sudden increase in soil
pressure during centrifuge acceleration may have caused slight deformation of the tensi-
ometer casing. This deformation could compress the water in the tensiometer chamber
and generate positive pressure. In this case, the measured suction decreased, although the
actual soil suction may not have changed.

Second, before the g-level reached 40g, the theoretical suction calculated using the
Gardner equation was smaller than the initial soil suction. Therefore, centrifugal force did
not induce soil drying during this stage. After the g-level exceeded 40g, the theoretical
suction became larger than the initial soil suction. Centrifugal force then caused soil dry-
ing. As a result, the suction increased more rapidly. After the model was held at 60g for
about 5 min, the rate of suction increase gradually decreased. The soil then entered a slow

drying stage.
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Figure 11. Measured water content and suction during centrifuge acceleration at 20g
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Figure 12. Measured water content and suction during centrifuge acceleration at 40g
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Figure 13. Measured water content and suction during centrifuge acceleration at 60g

Table 6. Measured suction and suction calculated by the Gardner equation under different g-levels

Measured suction (kPa) Suction from o
Measur- r Similarity

glevel ingpoint  (m) atlg atNg D(ilfé:ﬁge S::i?:; judgment

atb.5ecm 374 786 782 -0.4 31.1

20 at135cm 3.82 68.8 684 -04 324
at2l.5cm 3.9 653  64.7 -0.6 33.8 o
atb.5cm 374 824 816 -0.8 62.2 Similar

40 at135cm 3.82 79.6 787 -0.9 64.9
at21.5cm 3.9 728 717 -1.1 67.6
atb.5em 374 665 743 7.8 93.3

60 at13.5cm 3.82 652 73.4 8.2 97.3 Dissimilar
at2l.5cm 39 583  66.8 8.5 101.4

6. Conclusions

This study derived the theoretical scaling laws for rainfall infiltration based on the
Green-Ampt model and the first similarity theorem. The derived scaling laws were validated
using centrifuge model tests on rainfall infiltration in unsaturated soil foundations under
different g-levels. The suction scaling law was evaluated using the Gardner equation. The
main conclusions are as follows:

(1) For the 20g/40g tests, the ratios of wetting-front migration velocity at different moni-
toring points were all 1/2.0. These ratios were consistent with the ratio of the g-levels.
For the 20g/60g and 40g/60g tests, the ratios were also close to the corresponding g-level
ratios. These results show that the scaling law for wetting-front migration velocity un-
der different g-levels is 1:N. This agrees with the derived theoretical scaling law.

(2) The ratio of saturated hydraulic conductivity in the wetted zone at different g-levels
was equal to, or slightly smaller than, the corresponding g-level ratio. This trend was
similar to that observed for the wetting-front migration velocity. The results indicate
that the scaling law for the saturated hydraulic conductivity in the wetted zone is 1:N
This also agrees with the derived theoretical scaling law.

(3) As the depth of the monitoring point increased, the ratio of wetting-front arrival time
between different g-levels approached the inverse ratio of the g-levels. This result shows
that the error in the wetting-front arrival-time ratio decreased with increasing infiltra-
tion depth and infiltration time. The scaling law for wetting-front arrival time ¢ is there-
fore N21. This result agrees with the derived theoretical scaling law.
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(4) At 20g and 40g, the suction values calculated using the Gardner equation were smaller
than the measured suction values at all monitoring points. The maximum suction de-
creases were 0.6 kPa and 1.1 kPa, respectively. These changes were very small compared
with the initial suction values at 1g. At 60g, the suction values calculated using the

Gardner equation were larger than the measured suction values at all monitoring points.

The measured suction increased by 7.8-8.5 kPa compared with the initial value. These
results verify the effectiveness of the Gardner equation for evaluating suction similarity.

(5) Although suction similarity was not fully satisfied at 60g, the ratios of wetting-front
migration velocity at different g-levels still followed the theoretical scaling laws. This
indicates that the suction increase of 7.8-8.5 kPa at 60g did not cause a significant error
in the wetting-front migration velocity. Further research is needed to determine the al-
lowable suction difference between Ng and 1g that does not cause significant errors in
the scaling laws.
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