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ABSTRACT 24 

Effective stress is a crucial parameter in safety and stability assessments of geotechnical 25 

structures. In this paper, a novel stress cell based on fiber Bragg grating (FBG) sensing 26 

technology is manufactured and calibrated for the direct measurement of effective stress in 27 

saturated soils. The novel effective stress cell (ESC) mainly includes the stainless-steel sensing 28 

plate, porous disc, and FBG sensor. Because of the counteraction of pore-water pressures acting 29 

on the outer and inner surfaces of sensing plate, the thin plate theory can be utilized to 30 

determine the effective stress of soil skeleton directly. The feasibility of FBG-ESC was verified 31 

by conducting one physical model test. The measured data from the FBG-ESC agree well with 32 

the calculation results from the measured total earth pressure and excess pore-water pressure 33 

provided by the conventional transducers. Furthermore, the FBG-ESC was applied in one 34 

physical model to monitor the evolution of effective stress of clayey soils subjected to 35 

complicated loadings. 36 

Keywords: effective stress, fiber Bragg grating, clayey soil, effective stress cell 37 
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1 Introduction 39 

Settlement and stability of geotechnical structures, for instance, foundations, tunnels, and 40 

slopes are of great concern for geotechnical engineers. They are closely associated with stress-41 

strain state, volume change, and strength behavior of soils which are directly related to the 42 

effective stresses in soils [1]. The effective stresses are the average stresses undertaken by the 43 

soil skeleton, independent of the excess pore-water pressure. Hence, a good understanding and 44 

evaluation of the effective stress play a vital role in safety and stability assessments of the 45 

geotechnical structures. However, the effective stresses in soils are normally determined by 46 

subtracting the measured pore-water pressure from the measured total earth pressure. So far, 47 

there is no geotechnical instrument for directly measuring the effective stresses. 48 

Over the past decades, a variety of electrical instruments based on vibrating wire or electrical 49 

strain gauges have been developed and widely employed for total earth pressure and pore-water 50 

pressure measurements, mainly in soil pressure cells [2‒4], piezometers and miniature pore-51 

water pressure transducers. Nevertheless, the existing electrical sensors are being replaced by 52 

fiber optic sensors owing to their inherent drawbacks of sensitivity to electromagnetic 53 

interference, low reliability for long term sensing, signal loss in long distance transmission, 54 

and a large quantity of electrical cables for multi-point measurements [5].  55 

In recent years, fiber optic sensing technology, especially fiber Bragg grating (FBG) sensing 56 

technology, is undergoing a rapid development in geotechnical engineering. Compared with 57 

the electrical sensors, fiber optic sensors are more suitable for the harsh geotechnical 58 

environment due to their superiority in accuracy, reliability, capability of multiplexing and 59 
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immunity to electromagnetic interference [5‒7]. Several pressure sensors based on fiber optic 60 

sensing technology have been developed to measure total earth pressure [8,9] and pore-water 61 

pressure [10]. Recently, Correia et al. [11] reported an FBG-based soil pressure sensor by using 62 

two diaphragms as the sensing elements for independent measurement of the total earth 63 

pressure and pore-water pressure. It should be noted that the effective stress is still calculated 64 

by subtracting the pore-water pressure from the total earth pressure. Therefore, this method is 65 

still an indirect measurement. 66 

In this study, a diaphragm-type pressure cell based on FBG sensing technology is fabricated, 67 

calibrated, and implemented for direct measurement of effective stress in saturated soils. The 68 

FBG sensor is attached at the center of a sensing plate and utilized to detect the strains with the 69 

applied pressures. The working principle of the FBG-based effective stress cell (ESC), test 70 

setup, and results are described in detail and discussed. To investigate the work feasibility and 71 

performance of the proposed FBG-ESC, a physical model test is conducted on a saturated 72 

Completely Decomposed Granite (CDG) soil with the installation of a conventional earth 73 

pressure transducer (EPT) and pore-water pressure transducers (PPTs). Finally, the FBG-ESC 74 

is applied in the Hong Kong Marine Deposits (HKMD) improved by prefabricated vertical 75 

drains (PVDs) in a physical model with plane strain condition to monitor the evolution of 76 

effective stress. 77 

 78 
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2 Working principle of FBG sensor and FBG-based effective stress cell 79 

2.1 Working principle of FBG sensor 80 

Bragg grating is written into the core of an optical fiber by exposing the core to an intense 81 

optical interference pattern, such as a spatial pattern of ultraviolet (UV) light. The formed 82 

permanent grating incurs a periodic perturbation of the core refractive index along the fiber 83 

length [12]. According to Bragg’s law, when the fiber with an FBG sensor is illuminated by a 84 

spectrally broadband source of light, a narrow spectral component at the Bragg wavelength is 85 

reflected by the grating which acts as a narrowband reflection filter. As a result, this narrow 86 

spectral component disappears in the transmitted light [13], as depicted in Figure 1. The 87 

rationale of operating an FBG-based sensor system is to detect the wavelength shift of reflected 88 

“Bragg” light as a function of the measurand. The Bragg wavelength is determined by the 89 

expression 90 

 2nB eff =   (1) 91 

where B  is the Bragg wavelength, typically in a range of 1510 nm - 1590 nm; neff  is the 92 

effective refraction index; and   is the grating pitch.  93 

The shift in Bragg wavelength is related to strain and temperature changes. Strain causes the 94 

changes in grating pitch and fiber index due to the physical elongation of the sensor and photo-95 

elastic effects, while temperature incurs the thermal expansion of the fiber material and the 96 

shift in refractive index which is temperature-related [14]. For a single mode silica fiber, the 97 

relationship between the shift in Bragg wavelength and the changes of strain and temperature 98 

exhibits linearity and is expressed as Othonos [15]: 99 
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where 0B  is the Bragg wavelength at the initial state; B  is the wavelength shift induced 101 

by the strain change    and temperature variation T  ; C   and TC   are the coefficients 102 

corresponding to strain and temperature with the typical values of 0.78 and 66.67 10 / C−  ,  103 

respectively.  104 

2.2 Working principle of FBG-based effective stress cell 105 

In the design, the ESC consists of a sensing plate with the FBG sensor, a perforated disc base, 106 

and a rigid ring, as illustrated in Figure 2. The thin plate acts as a sensing element where the 107 

FBG sensor is adhered, while the porous disc base works as a filter to insulate soil particles 108 

from the inside of the cell. Owing to the porous disc base, only pore-water pressure is acted on 109 

the inner surface of the sensing plate while total earth pressure, which is the sum of pore-water 110 

pressure and effective stress in soils, is applied on the outer surface of the plate in the opposite 111 

direction. The pore-water pressures acted on the two surfaces of sensing plate have the same 112 

absolute value but with opposite signs, thus balance of pressures on the two surfaces is equal 113 

to effective stress and the strain measured by FBG sensor is only induced by the effective stress. 114 

Figure 3 shows working principle of effective stress cell in saturated soils. Assumed that the 115 

pressure is uniformly exerted over the dimensions of the sensing plate, the thin plate theory can 116 

be utilized [16]. The deflection ( ) of the circular thin plate with clamped edges is calculated 117 

as 118 

( )
2

2 2
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D
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where   denotes the uniform stress, D is bending stiffness of the plate: ( )3 212 1D Eh = − , 120 

E  and   are elastic modulus and Poisson’s ratio of the plate material, respectively; h  is 121 

the thickness of the circular plate and a  is the radius of the plate and r  is the distance from 122 

the center of the plate. Referring to compatibility of geometry, the strain in radial direction is 123 

r z d dr = , where z  is the distance from the neutral axis. For the small deflection, the slope 124 

of the deformed plate is given by tand dr  − = = .Therefore, the radial strain is deduced 125 

as 126 

 ( )
2

2 2

2
3

16
r

d z
z a r

dr D

 
 = − = −  (4) 127 

Considering the FBG sensor was adhered at the center of the plate, the strain is obtained by 128 
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where 2z h= . Substituting ( )2= 32P ha D   into Eq. (2), the relationship of the shift in 130 

Bragg wavelength and applied pressure is given as 131 
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Eq. (6) can be written as 133 
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It is noted that the FBG-ESC was fabricated, calibrated, and applied in the laboratory with a 135 

constant temperature of 20 C. The separation of the temperature from strain is done by placing 136 

an FBG into a metallic tube so that the FBG has no contact with the structure with straining. In 137 

this way, the temperature is measured and used to compensate temperature effect. After the 138 
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temperature compensation. It is indicated that 0B   is constant for a specified FBG sensor. 139 

Hence, the shift in Bragg wavelength is proportion to the applied pressure. Since the deflection 140 

of sensing plate is only induced because of the counteraction of pore-water pressures, this novel 141 

cell can be used for direct measurement of effective stress in soils. 142 

 143 

 144 

4 Calibration of FBG-based effective stress cell 145 

In this study, the ESC is fabricated with the external diameter of 120 mm and thickness of 16 146 

mm. The thin plate in disc groove is 100 mm in diameter and 1 mm in thickness and the porous 147 

disc base is 120 mm in diameter and 2 mm in thickness. All parts were made of 316 stainless-148 

steel material with elastic modulus of 193 GPa and Poisson’s ratio of 0.3. The yield strain of 149 

316 stainless-steel is  1050 . With the Eq. (7), the allowable pressure range of the FBG-150 

ESC is 201.9 kPa. A 10 mm long FBG sensor with a central wavelength range of 1542 nm was 151 

attached to the center of inner surface of the thin plate and protected well by epoxy adhesives. 152 

In consideration of multiplexing, the FBG sensor was connected with a two-core single mode 153 

fiber by using an arc fusion splicer. (Figure 4 does not mention in the manuscript) 154 

The effective stress cell described herein can provide the advantages as: (1) novel design. (分155 

号可以用在逗号的后面吗？) This FBG-based effective stress cell is capable of direct 156 

measurement of effective stress in soils by using one diaphragm only; (2) multiplexing capacity. 157 

Because the FBG sensors can be connected in series and can measure the strain or temperature 158 
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at multi-points along one fiber line; (3) Direct measurement of effective stress at one location 159 

rather two locations using most other conventional transducers; (3) high accuracy due to the 160 

high resolution of FBG sensors (e.g., 1×10-6 strain); (4) high reliability and durability due to 161 

the long-term stability of FBG sensors. The application of fiber Bragg grating (FBG) sensing 162 

technology has advantages, e.g., the immunity to electromagnetic interference, long-term 163 

stability, high accuracy and small size etc., which benefit the accuracy and feasibility of the 164 

novel FBG-based effective stress cell. 165 

4.1 Setup of calibration test 166 

In previous researches, calibration tests of soil pressure transducers were mostly conducted by 167 

employing gas [17, 11], water [18], oil [8] or sand [9] as the loading medium. In this study, the 168 

FBG-ESC was calibrated by applying water pressure. Figure 5(a) presents the test apparatus 169 

for the calibration, including a water container, a Geotechnical digital system (GDS) pressure 170 

controller (GDS Instruments Ltd.), and an optical sensing interrogator (Micro Optics Inc., 171 

SM125). Calibration tests were conducted in the 300 mm in diameter and 500 mm in height 172 

water container whose cover has a tube. The tube was connected with the GDS pressure 173 

controller which can provide a stable water pressure with a resolution of 1 kPa and a pressure 174 

range of 2000 kPa. G-clamps and an O-ring were used to ensure a good sealing performance 175 

of the container. The optical fiber was connected to the optical sensing interrogator which 176 

provides a broadband source of light and detects the reflected signal simultaneously at a 177 

frequency of 1 Hz. The FBG-ESC was placed in the water container at the depth of 250 mm, 178 

as illustrated in Figure 5(b).  179 
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It is crucial to control the difference of water pressures acting on the inner and outer surface of 180 

sensing plate. A solid disc base was employed to replace the porous disc base in the calibration 181 

tests. The groove and the solid disc base were fitted together and sealed well by an O-ring. 182 

Although there was air trapped in the sealed cell and slightly pressured by movement of the 183 

sensing plate during tests, the influence of the pressured air was negligible due to small 184 

amounts of trapped air and high stiffness of the sensing plate. The water pressures from 0 to 185 

200 kPa at 20 kPa increments were applied in the calibration. In order to evaluate the 186 

repeatability of the FBG-ESC and obtain an exact value of coefficient, two cycles including 187 

loading and unloading were conducted. 188 

4.2 Results of calibration test 189 

Figure 6 shows the calibration results plotted for both loading and unloading. The results of 190 

two loading-unloading cycles exhibit that the designed FBG-ESC has a good repeatability. It 191 

is found that there is a linear relationship between the reflected Bragg wavelength and applied 192 

water pressure, which demonstrates the agreement with the Eq. (9). The reflected Bragg 193 

wavelength rises from 1541.94 nm to 1542.58 nm with the increased water pressure from 0 194 

kPa to 200 kPa. Using the least-squares method, a linear transfer function with a good 195 

coefficient of determination (COD should we use R2?) value of 0.9954 is obtained and shown 196 

in Figure 6. From the transfer function, the pressure sensitivity of the FBG-based effective 197 

stress cell is 3.2 pm/kPa, and the pressure resolution of this effective stress cell is 0.31 kPa 198 

when the FBG sensor is interrogated by the optical sensing interrogator (SM125) which has a 199 

1 pm wavelength resolution. According to Eq. (7), the theoretical pressure sensitivity is 5.3 200 
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pm/kPa. There is a small discrepancy between the pressure sensitivities in theoretical analysis 201 

and calibration tests. The reasons mainly include that: (a) the strain measured by the FBG 202 

sensor is average strain within the length of 10 mm; and (b) the adhesive strength and thickness 203 

of epoxy adhesives affect the response of FBG sensor to the applied water pressure. 204 

5 Verification of the novel effective stress cell in a physical model test 205 

5.1 Physical model setup 206 

A physical model test was carried out to verify the workability and accuracy of the FBG-ESC 207 

in geotechnical environment. As shown in Figure 7, the cylindrical physical model is made of 208 

stainless steel and has the diameter of 300 mm and the height of 450 mm. Lubricating oil and 209 

a flexible plastic film were also applied over the inner surface of the cylindrical physical model 210 

to reduce the friction between the soil and the inner surface. A fully saturated Completely 211 

Decomposed Granite (CDG) soil was used in the physical model test. The basic properties of 212 

the CDG soil are listed in Table 1. Calibration tests of all the conventional transducers used in 213 

the physical model test were conducted by applying water pressure. The earth pressure 214 

transducers (EPT1 and EPT2) and the mini pore-water pressure transducer (PPT3) were 215 

calibrated in a sealed Perspex cylinder with water pressure provided by a GDS pressure/volume 216 

controller (model STDDPC), while the pore-water pressure transducers (PPT1 and PPT2) were 217 

calibrated by applying water pressure through directly connecting with the GDS 218 

pressure/volume controller. A pressure calibrator (model Fluke 718 300G, Fluke Calibration) 219 

was utilized to calibrate all the conventional transducers. The calibrated results are shown in 220 

Figure 8. 221 
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The new FBG-ESC was placed in fully saturated CDG soil at the height of 250 mm, in company 222 

with a conventional mini earth pressure transducer (EPT2) and a conventional mini pore-water 223 

pressure transducer (PPT3). A reaction frame loading system, including a pneumatic jack, was 224 

set up on the cylindrical physical model, as shown in Fig. 7. An air pressure regulator was 225 

employed to control the air pressure inside the pneumatic jack and a load cell was installed to 226 

monitor the applied vertical loads provided by the pneumatic jack. In order to ensure the 227 

uniformity of the applied overburden pressure and soil deformation as well as water drainage, 228 

a layer of sand and a perforated stainless-steel plate were placed on the top of the saturated 229 

CDG soil. During testing, the same optical sensing interrogator (SM125) and data logger (NI 230 

PXIe-4331) were used for data acquisition. In preparation stage, an average overburden 231 

pressure of 5 kPa was exerted on the top of the saturated CDG soil by using dead weights to 232 

establish the contact of all transducers with surrounding soils. Afterwards, a multi-stage 233 

overburden pressure was imposed in the following process. The first stage with an average 234 

overburden pressure of 60 kPa was carried out and lasted for 190 hours. In the second stage, 235 

the overburden pressure rose from 60 kPa to 120 kPa and was kept at 120 kPa for 160 hours. 236 

Afterwards, the complicated overburden pressure is controlled by the air pressure regulator to 237 

examine the performance of ESC in saturated soils subjected a complicated loading condition. 238 

5.2 Results and discussion 239 

Figure 9 displays the test results under the multi-stage average overburden pressure. It is seen 240 

that the total stress measured by the conventional earth pressure cell (EPT2) is identical to the 241 

applied pressure. In both stages, the excess pore-water pressure was gradually dissipated and 242 
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decreased to 0 kPa, and the effective stress was accordingly increasing. By comparison, the 243 

directly measured effective stress by the FBG effective stress cell fairly agrees with the 244 

calculated effective stress obtained based on the measured total stress and pore-water pressure, 245 

as illustrated in Fig 9b. It is observed that during the initial loading period of each stage, the 246 

effective stress measured by the FBG effective stress cell has a difference to the calculated 247 

effective stress. The small discrepancy primarily arises from the reliability of the calculated 248 

results which are based on measured total stress and porewater pressure. Errors may occur in 249 

the results since the response time of the conventional transducers (EPT2 and PPT3) to the 250 

applied pressure is not identical. Therefore, the newly developed FBG-ESC, as a direct 251 

measurement method, has a better performance compared with the calculated effective stress 252 

by using the indirect measurement method.  253 

Figure 10 plots the measured results of conventional transducers and FBG-ESC in the physical 254 

model of CDG soils under the complex overburden pressures. Similar performance in Figure 255 

9 is found in the physical model test under the complex loading condition. Different durations 256 

of loading and unloading from 65 kPa to 20 kPa were examined by using the conventional and 257 

newly designed transducers. The good agreement of measured data from FBG-ESC and 258 

calculated values of effective stress demonstrates that the new FBG-ESC can be utilized in 259 

saturated soils subjected to complex loading conditions. Furthermore, the effective stress can 260 

be directly obtained with less disturbance on a soil by making use of a single FBG-ESC, in 261 

comparison with embedding two cells of both an earth pressure transducer and a pore-water 262 

pressure transducer. The uncertainties from two different measurement locations of both an 263 

earth pressure transducer and a pore-water pressure transducer can be effectively eliminated as 264 
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well. Therefore, this newly developed FBG-ESC which can measure the effective stress in a 265 

single cell and be placed at one location can provide better and more reliable measurement of 266 

the effective stress in saturated soils. 267 

6 Application of the novel effective stress cell 268 

6.1 Physical model and procedures 269 

A physical model test was carried out to verify the workability and accuracy of the FBG-ESC 270 

in geotechnical environment. In this study, a rectangular box consisting of two steel walls, two 271 

transparent plastic walls and a steel bottom plate was used for the physical model [10]. The 272 

plastic walls are restrained by two steel trusses clamping at the quarter points to prevent 273 

swelling and distortion. The dimension of the rectangular box is 900 mm × 300 mm × 870 mm, 274 

and an alluvium plate with uniform holes are placed on top of it. Lubricating oil was also spread 275 

on the stainless-steel sheet and transparent plastic walls to reduce the friction between the soil 276 

and the sides of the container. A fully saturated Hong Kong Marine Deposits (HKMD), taken 277 

from East Coast of Lantau Island, was utilized in the physical model tests. The basic properties 278 

of the HKMD are listed in Table 2. (table 2 is missing)  279 

The physical model is designed to simulate a double-layered clay improved by prefabricate 280 

vertical drains (PVDs) in a square pattern under complicated loading process. A uniformly sand 281 

fill layer was placed between the soft soil layer and the alluvium plate. To prevent the interface 282 

mix of sand and clay, a layer of geotextile was installed as a separation  between the sand 283 

layer and clay [19]. Drainage is only allowed from the top surface. The surcharge loading is 284 
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applied by dead weights on the top of the alluvium plate in the model. Firstly, the 10 kPa 285 

loading was applied and maintained for 50 days, subsequently, the dead loading of 10 kPa was 286 

unloaded for 26 days, lastly, the surcharge loading was reloaded to 20 kPa to keep 84 days. The 287 

self-weight of HKMD, sand layer and alluvium plate would produce 4.5 kPa  288 

The new FBG-ESC and conventional transducers were calibrated as repeated in Section 5. The 289 

arrangement of the transducers is presented in Figure 12(a), which is placed in the bottom of 290 

the physical model. In the physical model test, the FBG-ESC was interrogated by the optical 291 

sensing interrogator (SM130), and the data of conventional transducers were acquired by the 292 

data logger (NI PXIe-4331, supplied by National Instruments Co.), as illustrated in Figure 293 

12(b).  294 

6.2 Results and Interpretation 295 

Figure 13 presents the measured data of conventional transducers and compares the calculated 296 

results with measured data of FBG -ESC in HKMD subjected to a complex loading process 297 

including loading, unloading and reloading. The applied loading is plotted based on the dead 298 

load and self-weight of HKMD, sand layer and alluvium plate. The pore-water pressure 299 

gradually dissipates with time, as shown in Figure 13(a). Because the permeability of HKMD 300 

is much lower than that of CDG, the consolidation duration of this physical model is obvious 301 

larger than the time in cylinder physical model with saturated CDG soil.  302 

Because the HKMD is saturated, effective stress can be calculated by subtracting the pore-303 

water pressure from the total applied loading. In comparison, the effective stress was also 304 
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directly monitored during the loading process in the test. The values of effective stress increase 305 

gradually with time, showing that the applied pressure is transferred to the soil skeleton during 306 

the process of excess pore-water pressure dissipation. The data from FBG-ESC generally agree 307 

well with the calculation results based on applied loading and excess pore water pressure. The 308 

gap is less than 4 kPa, which may be mainly due to side friction in the physical model. Moreover, 309 

the performance of FBG-ESC in the unloading stage is also examined in Figure 13(b). It is 310 

observed that the data of FBG-ESC is more stable than that of calculated results. Importantly, 311 

the FBG-ESC could provide the valuable data in the physical model to analysis the settlement 312 

of saturated soils.  313 

7 Conclusions 314 

In this study, the design principle and calibration of the FBG- based effective stress cell (FBG-315 

ESC) for direct measurement of effective stress in soil have been presented. The primary 316 

concept of this design is the counteraction of pore-water pressures acting on the outer and inner 317 

surfaces of sensing plate. The calibration of the FBG-based effective stress cell was conducted 318 

by employing water pressure. The working performance of the FBG-ESC is elaborated in a 319 

cylinder physical model with a saturated Completely Decomposed Granite (CDG). Moreover, 320 

theother physical model test was conducted to examine the workability and performance of the 321 

proposed FBG-ESC in a clayey soil. 322 

  323 
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 381 

Figure 1. Schematic illustration of working principle of an FBG sensor 382 

  383 
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 384 

Figure 2. Schematic of an effective stress cell 385 
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 387 

Figure 3. The working principle of effective stress cell subjected to uniform pressure 388 
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 390 

Figure 4. Design of the FBG-based effective stress cell: (a) schematic diagram and (b) 391 

photographs 392 
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 394 

Figure 5. Calibration test setup: (a) test apparatus and (b) the arrangement of the FBG-based 395 

effective stress cell (FBG-ESC) in the water container.  396 
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 398 

Figure 6. Results of the FBG-based effective stress cell calibration tests 399 
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 401 

 402 

Figure 7. (a)The cylindrical physical model test setup, and (b) the arrangement of the FBG-403 

ESC and the conventional transducers in the cylindrical physical model test 404 
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 407 

Figure 8. Calibration tests results of the conventional transducers: (a) EPT2, (b) PPT3 408 
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 410 

 411 

Figure 9. Test results of the multi-stage overburden pressure in the cylindrical physical model: 412 

(a) applied pressure, total stress, and pore-water pressure measured by the conventional 413 

transducers and (b) comparison of calculated effective stress and directly measured effective 414 

stress 415 
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 417 

 418 

Figure 10. Test results under the complex loading conditions: (a) the applied pressure, 419 

measured total earth pressure and pore-water pressure and (b) comparison of the calculated 420 

effective stress based on the data of conventional transducers and the measured effective stress 421 

from FBG-ESC 422 
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 425 

Figure 11. Test results under the complex loading conditions: (a) the applied pressure, 426 

measured total earth pressure and pore-water pressure and (b) comparison of the calculated 427 

effective stress based on the data of conventional transducers and the measured effective stress 428 

from FBG-ESC 429 
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 431 

 432 

Figure 12. Test results under the complex loading conditions in the physical model under 433 

plane strain condition: (a) the applied or measured pressure versus time and (b) comparison 434 

of the calculated effective stress and the measured effective stress from FBG-ESC versus 435 

time 436 
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 438 

Table 1 Properties of the CDG soil used in the physical model test 439 

Specific 

gravity 

Plastic 

limit (%) 

Liquid 

limit (%) 

Particle Size Distribution 

Gravel (%) Sand (%) Silt (%) Clay (%) 

2.65 23.4 33.1 6.9 45.2 30.5 17.4 
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