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Abstract 11 

Centrifuge model testing can reproduce the in-situ stress state of soils. It has been widely 12 

used in studies of foundation settlement. However, the scaling laws for rainfall infiltration 13 

have not been fully validated by systematic experimental evidence. In this study, the scal- 14 

ing laws for rainfall infiltration are derived from the classical Green–Ampt model and the 15 

first similarity theorem. These scaling laws are then validated by centrifuge model tests 16 

on unsaturated soil foundations under different g-levels. The results show clear proto- 17 

type-to-model scaling relationships. The scaling laws for wetting-front migration velocity, 18 

saturated hydraulic conductivity in the wetted zone, and infiltration time are 1, 1:1, and 19 

N²:1, respectively. These results agree well with the theoretical derivations. The Gardner 20 

equation is also verified as an effective criterion for evaluating suction similarity. Suction 21 

similarity can be maintained when the centrifuge-induced suction calculated from the 22 

Gardner equation is smaller than the initial soil suction. However, suction similarity is no 23 

longer valid when the calculated suction exceeds the initial soil suction. In this case, the 24 

centrifugal acceleration increases the initial soil suction. 25 

Keywords: unsaturated soil; rainfall infiltration; scaling law; centrifugal model test; wet- 26 

ting front 27 

 28 

1. Introduction 29 

The reliability of centrifuge model tests depends on appropriate scaling laws. These 30 

laws allow the measured model response to be extrapolated to the prototype scale. For 31 

rainfall infiltration in unsaturated soils, the main physical quantities include seepage ve- 32 

locity, infiltration time, wetting-front depth, hydraulic conductivity, water content, and 33 

suction. 34 

Previous studies have examined scaling laws for several unsaturated seepage prob- 35 

lems. Cargill et al. [1] studied transient seepage in an earth dam during water-level rise 36 

and drawdown under different centrifugal accelerations. Their results showed that the 37 

scaling ratios of seepage velocity and seepage time were 1 and N²:1, respectively. These 38 

results were generally consistent with theoretical predictions. Culligan et al. [2] investi- 39 

gated finger flow at 1g and 10g. They found that the finger width in the model was about 40 

1/N of that in the prototype, and the finger-flow velocity in the model was about N times 41 
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that in the prototype. Rezzoug et al. [3] conducted centrifuge model tests on capillary rise 42 

in soils with different densities and g-levels. Their results showed that the scaling ratios 43 

of rise height, rise time, and rise velocity were 1, N²:1, and 1, respectively. These scaling 44 

laws were further confirmed by numerical simulations and centrifuge model tests re- 45 

ported by Crancon et al. [4] and Thorel et al. [5]. 46 

Theoretical studies have also provided important support for unsaturated seepage 47 

scaling. Dell’Avanzi et al. [6] derived the governing equation for unsaturated seepage 48 

based on Darcy’s law and Richards’ equation. Their derivation assumed constant soil 49 

volume and permeability independent of the acceleration field. They showed that the suc- 50 

tion profile in the model can be identical to that in the prototype under a nearly uniform 51 

acceleration field. They also obtained scaling ratios of 1, N:1, and N²:1 for seepage velocity, 52 

flow rate, and seepage time, respectively. Gragnano [7] validated these scaling laws by 53 

comparing numerical results with centrifuge model test data. Later studies have widely 54 

adopted these relationships in centrifuge model tests involving unsaturated seepage [8– 55 

10]. 56 

These studies have improved the understanding of transient unsaturated flow in cen- 57 

trifuge modeling. They mainly focused on water-level variation in earth dams, finger flow, 58 

and capillary rise. However, rainfall infiltration has a different hydraulic boundary con- 59 

dition and a distinct wetting-front evolution process. Many centrifuge model tests have 60 

been conducted on rainfall-induced slope instability. In these tests, the existing scaling 61 

laws for unsaturated seepage were usually adopted directly. Direct and systematic exper- 62 

imental validation of the scaling laws for rainfall infiltration remains limited. 63 

Suction similarity is another key issue in centrifuge modeling of unsaturated soils. 64 

Centrifugal acceleration may change the water content and suction of the model soil. This 65 

change can alter the initial hydraulic state of the model. It may also weaken the similarity 66 

between the model and the prototype. Therefore, suction similarity is a prerequisite for 67 

reliable simulation of rainfall infiltration in unsaturated soils. Gardner [11] first proposed 68 

a relationship between centrifuge angular velocity and suction. Gens [12] noted that con- 69 

solidation under hypergravity may reduce soil suction. With the development of minia- 70 

ture tensiometers [13,14] and micro-TDR probes [15], real-time monitoring of suction and 71 

water content in centrifuge tests has become possible. However, a clear criterion for suc- 72 

tion similarity is still lacking. Experimental validation of such a criterion is also insuffi- 73 

cient. 74 

This study derives the scaling laws for rainfall infiltration in unsaturated soils based 75 

on the classical Green–Ampt model and the first similarity theorem. The derived scaling 76 

laws are then validated using centrifuge model tests on unsaturated horizontal soil foun- 77 

dations under different g-levels. The scaling relationships for wetting-front migration ve- 78 

locity, infiltration time, and saturated hydraulic conductivity in the wetted zone are ex- 79 

amined. In addition, the Gardner equation is used to calculate the maximum suction in- 80 

duced by centrifugal acceleration. The calculated suction is compared with tensiometer 81 

measurements. This comparison is used to evaluate whether the Gardner equation can 82 

serve as a criterion for suction similarity in centrifuge modeling of rainfall infiltration. 83 

 84 

  85 
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2. Derivation of Scaling Laws 86 

2.1. Scaling Laws for Rainfall Infiltration 87 

The Green-Ampt model assumes a homogeneous soil and the existence of a distinct 88 

horizontal wetting front during infiltration. Ahead of the wetting front (i.e., in the unsatu- 89 

rated zone), the soil water content remains at the initial water content θᵢ (hereinafter, wa- 90 

ter content refers to volumetric water content; volumetric water content equals gravimet- 91 

ric water content multiplied by the soil dry density). Behind the wetting front (i.e., in the 92 

wetted zone), the soil is saturated with a water content θₛ. Water flow in the wetted zone 93 

follows Darcy’s law, and the saturated permeability coefficient kₛ in the wetted zone is 94 

assumed constant. The suction head at the wetting front sf is also assumed constant. Mois- 95 

ture diffusion in the unsaturated zone is neglected, and only one‑dimensional vertical 96 

flow is considered [16-19]. 97 

In this model, the constant water head at the ground surface is denoted as H, and the 98 

depth of wetting front penetration is zf, which is a function of infiltration time t. The ex- 99 

pression for the suction head at the wetting front sf  is as follows: 100 

 101 

                        sf = ψఘೢ∙g                                 (1) 102 

 103 

In Equation (1), ψ denotes the suction at the wetting front. The parameter g is the 104 

gravitational acceleration, and ρw is the density of water. 105 

The origin of the z-axis is set at the ground surface. The positive z-direction is upward. 106 

The hydraulic head at the ground surface is H. The hydraulic head at the wetting front is 107 

-(sf+zf). Therefore, the hydraulic gradient across the wetted zone is (sf+zf+H)/ zf. According 108 

to Darcy’s law, the infiltration rate at the ground surface i can be expressed as: 109 

 110 
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+ +
=                        (2) 111 

The soil layer thickness and the constant water head H are scaled by a prototype-to- 112 

model ratio of N:1. Based on this known scaling relationship, the scaling laws for the phys- 113 

ical quantities in Equation (2) can be derived using the first similarity theorem. For the 114 

prototype, the infiltration rate ip is expressed as: 115 

 116 
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 118 

For the model, the infiltration rate im can be expressed as: 119 

 120 
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The following scaling factors are defined: 123 
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where each scaling factor represents the ratio of the corresponding prototype quantity to 127 

the model quantity. Substituting the scaling factors in Equation (5) into the prototype 128 

equation (Equation (3)) and rearranging the terms gives: 129 

 130 
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 132 

For Equation (6) to have the same form as the model equation (Equation (4)), the following 133 

similarity condition must be satisfied: 134 

 135 

1
fs

f f

sk H

i z z

BB B

B B B
= = =                           (7) 136 

 137 

According to the scaling law for saturated seepage, ܤ௞ೞ=1/N. Based on Equation (7), 138 

geometric similarity between the prototype and the model requires ܤ௜=1/N. Since ܤு=N, 139 

both ܤ௓೑  and ܤ௦೑  are also equal to N. 140 

The scaling factor for gravitational acceleration is: 141 

 142 

                            
1p

g

m

g
B

g N
= =                               (8) 143 

 144 

From Equation (1), the scaling factor for suction is obtained as: 145 

 146 

                            1
p

m

B



= =                                 (9) 147 

 148 

The relationship between infiltration time t and wetting-front penetration depth zf is ex- 149 

pressed as: 150 

 151 

( ) ln f fs i
f f

s f

z s H
t z s H

k s H

   + +−
= − + 

+  
               (10) 152 

 153 

The first similarity theorem is then applied to Equation (10). The same soil is assumed 154 

for the prototype and the model. Centrifugal acceleration is also assumed not to change 155 ߠ௜. Therefore, ܤఏ೔  and ܤఏೞ . It follows that the scaling factor for infiltration time is ܤ௧=N2/1. 156 

The wetting-front migration velocity vf is related to the wetting-front penetration 157 

depth and infiltration time as: 158 

 159 

f

f

dz

dt
 =                                (11) 160 

 161 

Applying the first similarity theorem to Equation (11) gives ܤ௩೑=1/N. Table 1 sum- 162 

marizes the scaling laws obtained from the above derivation. 163 

 164 

Table 1. Scaling laws for physical quantities involved in rainfall infiltration in unsaturated soils. 165 
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- Physical quantity Dimension Prototype Model 

Known scal-

ing laws 

Soil layer thickness L N 1 

Constant water head H L N 1 

Initial water content in 

unsaturated zone θi 
Dimensionless 1 1 

Saturated water content 

in wetted zone θs 
Dimensionless 1 1 

Derived scal-

ing laws 

Wetting front penetration 

depth zf 
L N 1 

Suction head at wetting 

front sf 
L N 1 

Suction at wetting frontψ ML-1T-2 1 1 

 Wetting front migration 

velocity vf 
L/T 1 N 

Infiltration time t T N2 1 

Saturated permeability 

coefficient in wetted zone 

ks 

L/T 1 N 

Infiltration rate at ground 

surface i 
L/T 1 N 

 166 

2.2. Criterion for the Suction Scaling Law 167 

As discussed above, the derivation of the scaling laws assumes that centrifugal force 168 

does not change the initial water content ߠ௜ . Under this assumption, the scaling ratios for 169 

water content, suction, and suction head are all 1:1. However, pore water may drain from 170 

the soil during centrifuge rotation. If the initial water content changes under hypergravity, 171 

the suction in the model will no longer be similar to that in the prototype. This breaks the 172 

similarity of the initial hydraulic conditions. It may also affect the similarity of the test 173 

results. 174 

Figure 1 illustrates the basic concept of the Gardner equation. Consider a small, ini- 175 

tially saturated soil specimen under free-drainage boundary conditions. If the specimen 176 

is placed at the rotation axis of the centrifuge, its rotation radius r is zero. The centrifugal 177 

force is then zero. In this case, the suction remains equal to its initial value of 0 kPa, namely 178 

ψ0=0kPa. 179 

If the initially saturated specimen is placed at a finite rotation radius r, drainage oc- 180 

curs under centrifugal force. Drainage continues until equilibrium is reached. The suction 181 

at equilibrium is denoted as ψ. Gardner [11] proposed the following relationship between 182 

the centrifuge angular velocity ω and the induced suction ψ: 183 

 184 

                  
2

=
g

d r

dr

  
                                   (12) 185 

 186 

where ρ is the density of the pore fluid, and g is the gravitational acceleration. Integrating 187 

Equation (12) from 0 to r gives: 188 

 189 

                      ߰ = ∫ ఘ௥ఠ2௚௥
0 = ఘr2ఠ2

2௚                             (13) 190 

 191 
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In actual centrifuge model tests, the soil at a rotation radius r is usually unsaturated. 192 

Its initial suction ψ0 is therefore not equal to 0 kPa. Assume that the applied centrifugal 193 

acceleration is N1g at the same rotation radius. The maximum suction ψ1 that can be gen- 194 

erated in an initially saturated specimen at this radius can be calculated using Equation 195 

(13). 196 

If ψ1>ψ0, the centrifugal force at N1g can increase the initial suction of the soil. As 197 

noted above, the scaling ratio for suction should be 1:1. In this case, the suction in the 198 

model is not similar to that in the prototype. If ψ1<ψ0, the centrifugal force at N1g does not 199 

change the initial suction of the soil. The suction in the model is then similar to that in the 200 

prototype. 201 

The Gardner equation [11] can therefore be used as a criterion for suction similarity. 202 

In centrifuge model tests, the angular velocity ω is usually not given directly. The applied 203 

g-level N is usually provided instead. The corresponding reference radius is generally the 204 

centrifuge arm length R. Thus, Equation (13) can be rewritten as follows. Given: 205 

 206 

                        Ng=Rω2                               (14) 207 

 208 

Since ω does not vary with changes in the rotation radius, it follows that: 209 

 210 

                        
Ng
R

=ω2                                (15) 211 

 212 

The distance r from the soil to the centrifuge axis is generally smaller than the centri- 213 

fuge arm length R. Substituting Equation (15) into Equation (13) gives: 214 

 215 

                           ψ0 = ρN r2

2R
                               (16) 216 

 217 

Equation (16) is equivalent to Equation (13). It can be used to evaluate whether suc- 218 

tion similarity is satisfied for a soil with a given initial suction under a specified centrifugal 219 

g-level. The validity of this criterion is examined in the following sections. 220 

 221 

                           222 
Figure 1. Schematic diagram of the Gardner equation 223 

3. Experimental Validation 224 

The derived scaling laws and the proposed criterion for suction similarity were vali- 225 

dated by centrifuge model tests. The tests simulated rainfall infiltration in horizontal un- 226 
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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/cm³. 234 

         Table 2. Physical properties of the test loess 235 

 236 
 237 
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Figure 2. SWCCs of compacted loess with a dry density of 1.45 g/cm³ 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 3. ZJU-400 centrifuge          Figure 4. Photograph of the rainfall simulator   246 

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 2.71 

Maximum dry density (g/cm3) 1.705  

Optimum water content 19.30% 

Plastic limit 22% 

Liquid limit 36.70% 

Plasticity index 14.7 

Saturated permeability coefficient 

(dry density 1.45 g/cm³)(m/s) 
1.29×10–7  
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Water content monitoring was carried out using miniature TDR probes [15] devel- 247 

oped by the authors' research group, as shown in Figure 5(a). Suction monitoring was 248 

performed using miniature tensiometers developed by Chen Rui et al. [14], as shown in 249 

Figure 5(b). 250 

                                      251 
a. Miniature TDR probe       b. Miniature tensiometer        252 

Figure 5. Instruments for monitoring soil response used in the tests 253 

3.3 Test scheme 254 

Figure 6 shows the overall test layout. The test simulated rainfall infiltration in a hor- 255 

izontal loess foundation. The model foundation was 50 cm long, 40 cm wide, and 28 cm 256 

thick, as shown in Figure 7(a). The constant water head was 3 cm. The dry density of the 257 

compacted foundation was 1.45 g/cm³. The target water content of the prepared loess was 258 

27.55%. 259 

 260 

                           261 
Figure 6. Schematic diagram of the overall test layout 262 

Figure 7(a) shows the cross-sectional layout of the monitoring instruments. The in- 263 

struments were arranged in three layers: upper, middle, and lower layers. One TDR probe 264 

and one tensiometer were placed in each layer. Figure 7(b) shows the plan view of the 265 

instrument layout. The TDR probes in the three layers were arranged in a staggered pat- 266 

tern. 267 

 268 

                            269 
a. Cross-sectional view 270 
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                           271 
b. Top view 272 

Figure 7 Layout of monitoring instruments in the model foundation (T: tensiometer) 273 

The tests included three parallel groups. The only variable was the centrifugal accel- 274 

eration level. The selected g-levels were 20g, 40g, and 60g. The 40g test is used here as an 275 

example. At the model scale, the rainfall simulator applied a rainfall intensity of 387 mm/h. 276 

This value corresponds to a prototype rainfall intensity of 9.7 mm/h. It is equivalent to a 277 

hydraulic conductivity of 1.1 × 10⁻⁴ m/s. At 1g, the measured saturated hydraulic conduc- 278 

tivity of the loess with the same dry density was 1.8 × 10⁻⁷ m/s. According to the theoretical 279 

scaling law for saturated seepage, the saturated hydraulic conductivity at 40g should be 280 

40 times the value at 1g. The corresponding value is 7.2 × 10⁻⁶ m/s. The rainfall intensity 281 

at the model scale was much higher than this value. Therefore, surface ponding formed 282 

rapidly on the foundation. 283 

When the ponded water depth exceeded 3 cm, water began to drain through the 284 

overflow holes on the baffles at both sides of the foundation, as shown in Figure 7(a). 285 

Continuous rainfall was then maintained to keep a constant water head of 3 cm. During 286 

constant-head infiltration, soil water content and suction were recorded using the TDR 287 

probes and tensiometers. The centrifuge was decelerated and stopped after all monitoring 288 

layers showed clear responses and the measured values became stable. 289 

4. Test results 290 

Figure 8 shows the measured responses during rainfall infiltration at 40g. The solid 291 

line represents the suction measured by the tensiometer with a sampling interval of 1 s. 292 

This interval allowed accurate determination of the wetting-front arrival time. The wet- 293 

ting-front arrival time is defined as the time when the wetting front reached the monitor- 294 

ing point. The solid symbols represent the water content measured by the TDR probes. 295 

Figures 9 and 10 show the time histories of suction and water content at 20g and 60g, 296 

respectively. The wetting-front arrival times and wetting-front migration velocities are 297 

summarized in Table 3.The wetting-front migration velocities showed only small differ- 298 

ences among different depth intervals. This result indicates that the wetting-front migra- 299 

tion velocity in the horizontal foundation remained nearly stable during rainfall infiltra- 300 

tion.As shown in Figure 2, the measured suction and water content data at 40g agree well 301 

with the soil-water characteristic curve obtained from the pressure plate test at 1g. This 302 

agreement confirms the reliability of the miniature tensiometer and TDR measurements 303 

under hypergravity. 304 

 305 
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 306 
Figure 8. Measured suction and water content at 40g 307 
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 308 
Figure 9. Measured suction and water content at at 20g 309 
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 310 
Figure 10. Measured suction and water content at at 60g 311 

Table 3. Wetting front arrival time and migration velocity measured by tensiometer 312 

g-level 
Wetting front arrival time (s) Wetting front migration velocity(m/s) 

at 5.5 cm at 13.5 cm at 21.5 cm 5.5-13.5cm 13.5-21.5cm 5.5-21.5cm 

20 2417 8299 14360 1.36×10-5 1.32×10-5 1.34×10-5 

40 1326 4330 7323s 2.66×10-5 2.67×10-5 2.67×10-5 

60 976 2941 4814 4.07×10-5 4.27×10-5 4.17×10-5 

 313 

5. Validation of scaling laws 314 
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5.1 Validation of scaling laws for rainfall infiltration 315 

Table 4 presents the wetting-front migration velocity vf at different g-levels. It also 316 

presents the water content and the corresponding degree of saturation before and after 317 

the tests. The results show that the ratios of wetting-front migration velocities are close to 318 

the ratios of the applied g-levels. This agreement validates the scaling law for vf listed in 319 

Table 1: 320 

                     Bvf = vfp

vfm
= 1

N
                                 (17) 321 

 322 

Slight deviations are observed for the 20g/60g and 40g/60g cases. These deviations 323 

may be related to differences in the initial water content of the model soil at different g- 324 

levels. The wetting-front migration velocity at 60g is slightly higher than the values ex- 325 

pected from the 20g/60g and 40g/60g ratios. This result corresponds to the slightly higher 326 

initial water content of the model soil at 60g, as shown in Table 4. A higher initial water 327 

content can increase the unsaturated hydraulic conductivity of the soil. It can therefore 328 

lead to a faster wetting-front migration velocity. 329 

                              Table 4. Wetting front migration velocity, water content, and corresponding degree of saturation 330 

g-leve

l 

vf 

(m/s) 

Average 

water con-

tent be-

fore 

test(%) 

Average 

water 

content 

after 

test(%) 

Average 

degree of 

saturation 

after test 

(%) 

ks 

 (m/s) 

θs 

(%) 

sf  

(cm) 

20 1.34×10-5 27.6 37.7 81.1 1.12×10-6 39.5 0.774 

40 2.67×10-5 27.5 38.6 83 2.26×10-6 39.1 -0.087 

60 4.17×10-5 28.0 39.6 85.2 3.61×10-6 38.7 -1.124 

 331 

Equation (10) was used to derive the scaling laws for the other physical quantities. 332 

The ponding water depth, (H), was 3 cm in all tests. The suction time-history curves at the 333 

three monitoring points were used to determine the suction breakpoints. These break- 334 

points represent the wetting-front arrival times t. They correspond to three wetting-front 335 

penetration depths, (z_f), which were equal to the burial depths of the monitoring points: 336 

0.055 m, 0.135 m, and 0.215 m. Thus, each monitoring point provided one equation. 337 

The 40g test is used as an example. As shown in Figure 8, the water contents at the 338 

three monitoring points before the test were 26.68%, 27.55%, and 28.30%, respectively. 339 

After the test, the corresponding values were 40.75%, 38.43%, and 36.69%, respectively. 340 

The water contents were not identical before and after the test. This condition does not 341 

fully satisfy the assumption of the Green–Ampt model. The difference in water content 342 

among the three monitoring points became larger after the test. This was mainly caused 343 

by the limited infiltration duration. The three monitoring points did not reach the theo- 344 

retical saturated state. Therefore, the monitoring point closer to the constant water head 345 

had a higher water content after infiltration. 346 

To reduce calculation errors, the measured values of θi were substituted into Equa- 347 

tion (10). The saturated water content θs was treated as the first unknown. According to 348 

Equation (1), the suction head at the wetting front sf varies with the g-level. Therefore sf 349 

was treated as the second unknown. The saturated hydraulic conductivity of the wetted 350 

zone ks also varies with the g-level. Thus ks was treated as the third unknown. The known 351 

and unknown quantities were then substituted into Equation (10). This procedure pro- 352 

duced a system of three equations. The three unknowns θs, sf, and ks were obtained by 353 

solving this system. 354 

 355 



 

 12

{  
  1326= θs−0.2668

ks
[0.055−(sf+0.03) ln 0.055+sf+0.03

sf+0.03
]

4330= θs−0.2755
ks

[0.135−(sf+0.03) ln 0.135+sf+0.03
sf+0.03

]
7323= θs−0.2830

ks
[0.215−(sf+0.03) ln 0.215+sf+0.03

sf+0.03
]                   (18) 356 

 357 

The same procedure was applied to the 20g and 60g tests. To reduce errors caused 358 

by differences in initial water content among different g-levels, the initial water contents 359 

for the 20g and 60g tests were set equal to those used in the 40g test. The corresponding 360 

systems of equations are given in Equations (12) and (13), respectively. 361 

 362 

{  
  2417= θs−0.2668ks [0.055−(sf+0.03) ln 0.055+sf+0.03sf+0.03 ]8299= θs−0.2755ks [0.135−(sf+0.03) ln 0.135+sf+0.03sj+0.03 ]14360= θs−0.2830ks [0.215−(sf+0.03) ln 0.215+sf+0.03sf+0.03 ]              (19) 363 

 364 

{  
  973= θs−0.2668ks [0.055−(sf+0.03) ln 0.055+sf+0.03sf+0.03 ] 2941= θs−0.2755ks [0.135−(sf+0.03) ln 0.135+sf+0.03sf+0.03 ] 4814= θs−0.2830ks [0.215−(sf+0.03) ln 0.215+sf+0.03sf+0.03 ]               (20) 365 

 366 

The calculation results from Equations (18)-(20) are presented in Tables 4 and 5. The 367 

ratio of saturated hydraulic conductivity in the wetted zone at different g-levels is equal 368 

to, or slightly smaller than, the ratio of the g-levels. This trend is similar to that observed 369 

for the wetting-front migration velocity. It indicates that the saturated hydraulic conduc- 370 

tivity in the wetted zone ks follows the theoretical scaling law: 371 

                          Bks = kspksm = 1N                                                       (21) 372 

 373 

The calculated saturated water contents in the wetted zone are very close at the three 374 

g-levels. They also differ only slightly from the measured water contents after rainfall in- 375 

filtration, as shown in Table 4. This agreement supports the reliability of the calculated 376 

values. It also indicates that the saturated water content in the wetted zone follows the 377 

theoretical scaling law: 378 

 379 

 380 

                        Bθs = θspθsm = 11                             (22) 381 

 382 

The calculated suction heads at the wetting front are negative for the 40g and 60g 383 

tests, as shown in Table 4. However, the suction head at the wetting front should be pos- 384 

itive in the Green–Ampt model. This discrepancy may be caused by errors in the meas- 385 

ured suction breakpoint times at 40g and 60g. The calculation results are sensitive to the 386 

wetting-front arrival time t. A small change in t can cause large variations in the saturated 387 

hydraulic conductivity ks, the saturated water content in the wetted zone θs, and the suc- 388 

tion head at the wetting front sf. 389 

From Table 5, the ratio of wetting front migration velocities at 20g and 40g is: 390 

                         
vf20vf40 = 12                                (23) 391 

 392 

The distances between the three monitoring points were the same in the 20g and 40g 393 

tests. Therefore: 394 
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zf20zf40 = 11                                (24) 395 

 396 

Based on the expression for the wetting front migration velocity vf (Equation (11)), it 397 

follows that: 398 

                           
t20t40 = 21                                (25) 399 

 400 

Table 5 compares the wetting-front arrival times at the three monitoring points under 401 

different g-levels. As the depth of the monitoring point increased, the ratio of wetting- 402 

front arrival time between different g-levels became closer to the inverse ratio of the g- 403 

levels. This result indicates that the error in the arrival-time ratio decreased with increas- 404 

ing infiltration depth and infiltration time. Therefore, the infiltration time t, follows the 405 

theoretical scaling law. 406 

Table 5. Comparison of physical quantities between different g-levels 407 

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 

θs 1.0/1.0 1.0/1.0 1.0/1.0 

Wetting front arrival time t at 

5.5 cm depth 
1.8/1.0 2.5/1.0 1.4/1.0 

Wetting front arrival time t at 

13.5 cm depth 
1.9/1.0 2.8/1.0 1.5/1.0 

Wetting front arrival time t at 

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

 408 

5.2 Validation of the suction scaling law 409 

The suction scaling law was evaluated using the Gardner equation, as given in Equa- 410 

tion (16). Figures 11-13 show the time histories of water content, suction, and centrifugal 411 

acceleration during centrifuge acceleration. The target g-levels were 20g, 40g, and 60g, 412 

respectively. As stated above, the centrifuge arm length R was 4.5 m. The rotation radius 413 

r at each monitoring point was determined from the positions of the three tensiometers in 414 

the model foundation. These positions corresponded to the upper, middle, and lower lay- 415 

ers shown in Figure 7(a). 416 

Table 6 presents the measured suction values at different g-levels. It also presents the 417 

suction values calculated using the Gardner equation. At 20g and 40g, the calculated suc- 418 

tion values were smaller than the measured suction values at all monitoring points. This 419 

result indicates that the centrifugal force at 20g and 40g did not change the initial suction 420 

of the soil. Therefore, the suction in the model soil remained similar to that in the proto- 421 

type. The measured results support this judgment. The maximum suction decreases at the 422 

same monitoring point were only 0.6 kPa at 20g and 1.1 kPa at 40g. These changes were 423 

very small compared with the initial suction values at 1g. Thus, the Gardner equation 424 

provides a reasonable criterion for evaluating suction similarity in these two tests. 425 

 426 

At 60g, the suction values calculated using the Gardner equation were larger than 427 

the measured suction values at all monitoring points. This result indicates that the centrif- 428 

ugal force at 60g could change the initial suction of the soil. Therefore, the suction in the 429 

model soil was not similar to that in the prototype. The measured results show that the 430 

suction at each monitoring point increased by 7.8–8.5 kPa compared with the initial value. 431 

This again supports the judgment based on the Gardner equation. 432 
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Although suction similarity was not satisfied at 60g, Table 5 shows that the wetting- 433 

front migration velocity ratios at different g-levels still followed the theoretical scaling 434 

laws. This result indicates that the suction increase of 7.8–8.5 kPa at 60g did not cause a 435 

significant error in the wetting-front migration velocity. Further research is needed to de- 436 

termine the allowable suction difference between Ng and 1g without causing significant 437 

errors in the scaling laws. According to the Gardner equation, the suction at 60g should 438 

theoretically increase by 26.8–43.1 kPa. However, the measured increase was only 7.8–8.5 439 

kPa. This difference may be related to the drying behavior of the soil. The drying process 440 

at 60g is similar to that at 1g. A higher soil suction requires a longer time for further drying. 441 

Figure 13 shows that the measured suction decreased during acceleration from 0g to 442 

40g. This phenomenon may be explained by two factors. First, the sudden increase in soil 443 

pressure during centrifuge acceleration may have caused slight deformation of the tensi- 444 

ometer casing. This deformation could compress the water in the tensiometer chamber 445 

and generate positive pressure. In this case, the measured suction decreased, although the 446 

actual soil suction may not have changed. 447 

Second, before the g-level reached 40g, the theoretical suction calculated using the 448 

Gardner equation was smaller than the initial soil suction. Therefore, centrifugal force did 449 

not induce soil drying during this stage. After the g-level exceeded 40g, the theoretical 450 

suction became larger than the initial soil suction. Centrifugal force then caused soil dry- 451 

ing. As a result, the suction increased more rapidly. After the model was held at 60g for 452 

about 5 min, the rate of suction increase gradually decreased. The soil then entered a slow 453 

drying stage. 454 
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 455 
Figure 11. Measured water content and suction during centrifuge acceleration at 20g 456 
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 457 
Figure 12. Measured water content and suction during centrifuge acceleration at 40g 458 
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 459 
Figure 13. Measured water content and suction during centrifuge acceleration at 60g 460 

Table 6. Measured suction and suction calculated by the Gardner equation under different g-levels 461 

g-level 
Measur-

ing point 

 r 

 (m) 

Measured suction (kPa) Suction from 

Gardner 

equation 

Similarity 

judgment at 1g at Ng 
Difference 

(Ng-1g) 

20 

at 5.5 cm 3.74 78.6 78.2 -0.4 31.1 

Similar 

at 13.5 cm 3.82 68.8 68.4 -0.4 32.4 

at 21.5 cm 3.9 65.3 64.7 -0.6 33.8 

40 

at 5.5 cm 3.74 82.4 81.6 -0.8 62.2 

at 13.5 cm 3.82 79.6 78.7 -0.9 64.9 

at 21.5 cm 3.9 72.8 71.7 -1.1 67.6 

60 

at 5.5 cm 3.74 66.5 74.3 7.8 93.3 

Dissimilar at 13.5 cm 3.82 65.2 73.4 8.2 97.3 

at 21.5 cm 3.9 58.3 66.8 8.5 101.4 

 462 

6. Conclusions 463 

This study derived the theoretical scaling laws for rainfall infiltration based on the 464 

Green-Ampt model and the first similarity theorem. The derived scaling laws were validated 465 

using centrifuge model tests on rainfall infiltration in unsaturated soil foundations under 466 

different g-levels. The suction scaling law was evaluated using the Gardner equation. The 467 

main conclusions are as follows: 468 

(1) For the 20g/40g tests, the ratios of wetting-front migration velocity at different moni- 469 

toring points were all 1/2.0. These ratios were consistent with the ratio of the g-levels. 470 

For the 20g/60g and 40g/60g tests, the ratios were also close to the corresponding g-level 471 

ratios. These results show that the scaling law for wetting-front migration velocity un- 472 

der different g-levels is 1:N. This agrees with the derived theoretical scaling law. 473 

(2) The ratio of saturated hydraulic conductivity in the wetted zone at different g-levels 474 

was equal to, or slightly smaller than, the corresponding g-level ratio. This trend was 475 

similar to that observed for the wetting-front migration velocity. The results indicate 476 

that the scaling law for the saturated hydraulic conductivity in the wetted zone is 1:N 477 

This also agrees with the derived theoretical scaling law. 478 

(3) As the depth of the monitoring point increased, the ratio of wetting-front arrival time 479 

between different g-levels approached the inverse ratio of the g-levels. This result shows 480 

that the error in the wetting-front arrival-time ratio decreased with increasing infiltra- 481 

tion depth and infiltration time. The scaling law for wetting-front arrival time t is there- 482 

fore N2:1. This result agrees with the derived theoretical scaling law. 483 
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(4) At 20g and 40g, the suction values calculated using the Gardner equation were smaller 484 

than the measured suction values at all monitoring points. The maximum suction de- 485 

creases were 0.6 kPa and 1.1 kPa, respectively. These changes were very small compared 486 

with the initial suction values at 1g. At 60g, the suction values calculated using the 487 

Gardner equation were larger than the measured suction values at all monitoring points. 488 

The measured suction increased by 7.8–8.5 kPa compared with the initial value. These 489 

results verify the effectiveness of the Gardner equation for evaluating suction similarity. 490 

(5) Although suction similarity was not fully satisfied at 60g, the ratios of wetting-front 491 

migration velocity at different g-levels still followed the theoretical scaling laws. This 492 

indicates that the suction increase of 7.8–8.5 kPa at 60g did not cause a significant error 493 

in the wetting-front migration velocity. Further research is needed to determine the al- 494 

lowable suction difference between Ng and 1g that does not cause significant errors in 495 

the scaling laws. 496 
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