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Abstract

A laboratory study was carried out to investigate the change of ultrasonic velocity as a function of temperature for fluid 
mud (i.e., suspension). Pulse transmission technique with ultrasonic wave was used for ultrasonic velocity measurement. 
The five samples for fluid mud were prepared for concentration range of 30.6% (1.24 g/cm3 in density), 23.3% (1.19 g/cm3), 
11.5% (1.10 g/cm3), 7.8% (1.08 g/cm3), and 3.8% (1.05 g/cm3) by weight. The ultrasonic velocity in fluid mud was 
investigated to increase (approximately 2.83 to 4.95 m/s/°C) with increasing temperature, due to the effect of viscosity and 
compressibility of water with changing temperature. But the increasing rate tends to decrease at temperature higher than 
30°C, caused by the effect of viscosity. The concentration of fluid mud more affect to the ultrasonic velocity at higher 
temperature range than that at lower temperature. Overall the temperature effect on the ultrasonic velocity in fluid mud was 
a similar rate as fbr distilled water and seawater, suggesting fluid mud significantly depends on the behavior of water.
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I. Introduction

Fluid mud layers often develop near the seabed 
(water/sediment interface) and consist of high- 
concentration (from 10 to 100 g/1) suspension. They 
have been recognized at the various environments 
from shallow sea to deep sea and are interesting 
subjects for study[l-4]. They are also maintained by 
frequent and strong sediment resuspension events 
driven by surface waves and tides in the muddy 
environments[5]. Fluid mud layer can contribute 
significantly to the total load of suspended sediment 
despite the small thickness (less than a few 
centimeters) of this layer when compared with the 
total water depth[2,6].

The waters in the bottom boundary layers (BBL)
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can be stratified due to the presence of this layer 
through the coupling effect of the high concentration 
of resuspended sediment and the water density. 
Hydrodynamic characteristics of the stratified BBLs 
are significantly different than those in well-mixed 
BBLs. In some resuspension events in turbid tidal 
estuaries and coastal seas, sediment is abnormally 
concentrated within a thin wall layer that is overlain 
by a thicker with much smaller concentration[7].

Ultrasonic velocity of fluid mud layer has been 
studied in numerous modeling research works, but 
with its property assumed rather than measured. Thus, 
the validity of the theoretical models used depends on 
the validity of the constitute laws they assumed[8]. 
The effects of temperature on ultrasonic velocity have 
been reported in a few cases[9-ll]. The studies are 
limited not fluid mud layer but sediments or 
sedimentary rocks. Recently, new technique to detect 
suspension and sediment layer above seafloor in situ
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Table 1. Concentration, physical properties, and mean grain size for five fluid mud samples. (FM: Fluid Mud, HC: High Concentration, MC： Mid이e 
Concentration, LC: Low Concentration).

Concentration 
(% by weight)

Density 
(g/cm"

Grain density 
(g/cm3)

Porosity 
(%)

Water content 
(%)

Mean grain size 
⑷

FM-1 30.6 1.24 2.71 84.0 71.9 10.2
FM-2 23.3 1.19 2.71 89.0 79.5 10.2
HC 11.5 1.10 2.71 95.3 91.7 10.2
MC 7.8 1.08 2.71 97.6 95.6 7.45
LC 3.8 1.05 2.71 98.7 99.7 7.83

has been developed] 12]. This technique uses signal 
analysis based on acoustic propagation in mixtures of 
solid particles and fluid. Provided ultrasonic velocity 
of fluid mud layer with temperature is available, such 
information can be an aid to detect exactly the 
boundary between suspension and sediment layers.

The aim of this paper is to measure directly 
ultrasonic velocity of fluid mud layer in a laboratory 
and to investigate its change with temperature.

IL Experiments and Apparatus

Five different fluid mud samples (Table 1) were 
prepared in the laboratory to investigate ultrasonic 
velocity. Mud fraction of sediments was sorted using 
a sieve (舛)in the laboratory. Five fluid mud layers at 
water bath and mass cylinder were artificially formed 
a옹 adding seawater.

Mean grain size of mud samples was measured by a 
Micromeritics Sedigraph 5000ET. Physical properties 
(porosity, water content, and density) by gravimetric 
method[13] were determined from mass and volume 
of the same specimens. Sample weight was measured 
by using electronic balance. Sample volume was 
determined for both wet and dry samples by using a 

manual pycnometer (Model 1350). The helium gas 
was kept under pressure of 18 psi (1 psi = 0.07 
kg/cm2). The mass and volume of the evaporated 
pore-water salts were calculated for a standard 
seawater salinity (35%o) and seawater density (1.024 
g/cm3) at laboratory conditions.

Ultrasonic velocities were measured as a function of 
temperature in fluid mud by the pulse transmission 
technique[14] using Hamilton Frame. The measurement 
system includes pulse generator (Tektronix TM 502A, 
PG 508/50 MHz), digital oscilloscope (Tektronix 
TDS 3012), and a Hamilton Frame modified (Fig. 1). 
The condition of pulse generator was set as following: 
period= 0.2 ms (5 kHz), duration= 10 卩s, transition 
time= 50 卩s. A pair of piezoelectric transducer of 1 
MHz was used for driving signal. The velocities were 
measured with changing temperature from 0〜to 
〜35。(二

I!!. Results

Ultrasonic velocity and physical properties fbr five 
different fluid mud samples were measured. Mean 
grain size is also analyzed. The results are listed at 
Tables 1 and 2. Physical properties for the samples are

Fig, 1. Schematic diagram of the experimental set-up for measuring 니Itrasonic velocity of fluid mud. Hamilton frame is used.
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Table 2. Ultrasonic velocity with changing temperature for five samples.

Fluid Mud-1 Fluid Mud-2 High Con. Middle Con. Low Con.
Temp. 
(°C)

Velocity 
(m/s)

Temp. 
(°C)

Velocity 
(m/s)

Temp. 
(°C)

Velocity 
(m/s)

Temp. 
(°c)

Velocity 
(m/s)

Temp.
(°C)

Velocity 
(m/s)

5.0 1433 1.1 1406 5.3 1424 6.3 1402 2.5 1434
6.0 1433 2.0 1415 6.3 1430 7.9 1430 3.0 1434
7.0 1435 3.0 1420 7.3 1432 8.5 1438 4.0 1438
8.0 1436 4.0 1425 8.3 1435 9.5 1447 5.2 1441
9.0 1441 5.0 1430 9.3 1439 10.5 1453 6.0 1446
10.0 1444 6.0 1434 10.3 1441 11.5 1458 7.0 1450
11.0 1447 7.0 1438 11.3 1443 12.5 1461 8.9 1436
12.0 1452 8.0 1443 12.3 1447 13.5 1464 9.0 1437
13.0 1455 9.0 1445 13.3 1450 14.5 1466 10.0 1442
14.0 1458 10.0 1449 14.3 1453 15.5 1473 11.1 1445
15.0 1461 11.0 1452 15.3 1456 16.5 1474 12.3 1447
16.0 1465 12.0 1456 16.3 1458 17.5 1482 13.0 1449
17.0 1469 13.0 1459 17.3 1462 18.5 1483 14.0 1452
18.0 1473 14.1 1461 18.3 1464 19.6 1482 15.0 1456
19.0 1475 15.0 1463 19.3 1465 20.5 1488 16.1 1457
20.0 1480 16.0 1466 20.3 1466 17.0 1460
21.0 1483 17.0 1469 18.0 1463
22.0 1488 18.0 1470 19.0 1466
23.0 1491 19.0 1474 20.0 1469
24.0 1495 20.0 1477
25.0 1498
26.0 1500
27.0 1504
28.0 1507
29.0 1508
30.0 1513
31.0 1514
32.0 1515
33.0 1517
34.0 1517
35.0 1519

also displayed (Fig. 2).
Ultrasonic velocity of fluid mud 1 sample (FM-1) is 

systematically increased from 1433 m/s at 5°C to 
1519 m/s at 35°C (Table 2). Density, porosity, and 
water content of the sample are 1.24 g/cm3, 84.0%, 
71.9%, respectively (Table 1; Fig. 2). The velocity of 
fluid mud 2 (FM-2) is increased from 1406 m/s at 
1.1°C to 1477 m/s at 20°C (Table 2). Density, 
porosity, and water content are 1.19 g/cm3, 89.0%, 
79.5%, respectively (Table 1; Fig. 2). In case of high 
concentrated sample (HC), the velocity is increased 
from 1424 m/s at 5.3°C to 1466 m/s at 20.3°C (Table 
2). Density, porosity, and water content are 1.10 
g/cm3, 95.3%, 91.7%, respectively (Table 1; Fig. 2). 
Middle and low concentrated samples (MC and LC) 
아low from 1402 m/s at 6.3°C to 1488 m/s at 20.5°C, 
from 1434 m/s at 2.5°C to 1469 m/s at 20.0°C, 
respectively (Table 2). Density, porosity, and water 

content of middle concentration sample are 1.08 
g/cm3, 97.6%, 95.6%, respectively (Table 1; Fig. 2). 
Density, porosity, and water content of low 
concentration sample are 1.05 g/cm3, 98.7%, 99.7%, 
respectively (Table 1; Fig. 2).

IV. Discussion

The speed of sound determined from the elasticity 
and density of the medium varies in the ocean and 
depends on various fMtors in the sediments[14]. The 
three main environmental factors affecting the speed 
of sound in the ocean are salinity, pressure, and 
temperature. Several sound velocity models are now 
available in the literature[ 14,15-18]. The sound speed 
equation developed by Clay and Medwin[14] is as 
below.
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c-1449.2+4.6T-0.055T2+0.00029T3+(1.34-0.010T) 
(S-35)+0.016z
where,

T= temperature in °C
S= salinity in parts per thousand (%)
z= depth in meters

This equation has accuracy within 0.6 m/s, provided 
accurate temperature, salinity, and depth data are 
available. The equation is also valid for 0 < T < 35°C, 
0 < S < 45%, and 0 < z < 1000 m.
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Fig. 3, Velocity with temperature for five samples, distilled water, 
and seawater, Initials are the same as Fig니re 2. Arrows indicate 
the difference of velocity with concentration increase with 
increasing temperature.

A change of salinity will cause a small correspond- 
ding change in density with a resulting change in bulk 
modulus, causing variation of sound speed (1.3 
m/s/%o). Density of distilled water and seawater 
changes about 4% and 6% between 0°C and 100°C, 
respectively, while calcite and quartz density changes 
by 0.08%, 0.36% between 20°C and 100°C, 
respecti\©ly[19]・ Pressure is more important factor 
than salinity, causing a change in bulk modulus and 
density, and results in an increase of sound speed with 
depth (0.017 m/s/m)[20]. But, the consideration of 
salinity and pressure is beyond the scope of this study.

Temperature, the most important factor affecting 
sound speed leads to decrease in sound speed 
(approximately 3 m/s/°C in seawater)[ 14,17,18], caused

Table 3. Velocity changing rate per 1°C for five samples, distilled 
water, and seawater.

Changing rate of velocity per 1°C 
(m/s)

FM 니 3.21
FM-2 3.46
HC 2.83
MC 4.95
LC 4.58

Distilled water 3.30
Seawater 3.0
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Fig. 5. Time delay with temperature at FM-1. Note that the slope 
decreases from the higher temperature than 30°C.

Fig. 4. Kinematic and dynamic viscosity with temperature at 
distilled water and seawater.

by the decrease of bulk modulus with decreasing 
temperature, although density increases. In this study, 
there are various rates of changing velocity (between 
2.83 and 4.95 m/s/°C) with increasing temperature 
(Fig. 3; Table 3). All samples except for HC sample 
are greater than that (3.0 m/s/ °C) in seawater.

Ultrasonic velocity is significantly slower (approxi
mately 30 to 50 m/s) in five samples than that in 
seawater (Fig. 3). In contrast, it is a very similar to the 
distilled water. This may be because the samples 
behave as a viscoelastic material with small elasticity 
and high viscosity before complete sedimentation[21 ]. 
The variation patterns with increasing temperature are 
similar to those of seawater and distilled water. But 
the changing rate of velocity with temperature is 
clearly different from five samples (Table 3). The 
temperature effect on water compressibility is 
considerable, whereas it is small for mineral particles 
(e.g., quartz and calcite)[22]. As temperature drops 
from 50°C to 0°C, the compressibility of pure water 
and seawater increased by 20.5%, while it decreased 
by about 2.2% for quartz and calcite [18,23]. From 
50°C to 100°C, the compressibility of pure water 
increases again, it is not known in seawater. The 
compressibility is a reciprocal parameter of bulk 
modulus causing the increase of velocity. From higher 
temperature than 30°C, the increasing rate of 
compressibility slightly decreases[19], resulting from 
the decrease of viscosity[23]. Viscosity (i.e.5 kinematic 
and dynamic) decreases with increasing temperature, 
but it is not a linear (Fig. 4). As shown in the Figure 4, 
the magnitude of the slope tends to decrease more at 
higher temperatures. This pattern was observed on the 
curve of Figures 3 and 5, suggesting the decrease of 

increasing rate of the velocity with increasing 
temperature from the boundary of 30°C. In particular, 
the difference of velocity with concentration in five 
samples increases (from approximately 10 to 20 m/s) 
with increasing temperature (see the arrows of Figure 
3), caused by the change of viscosity and com
pressibility. Therefore, this study suggests velocity 
conversion as a function of temperature should be 
carefully considered.

V. Con이usion

Ultrasonic velocity as a function of temperature was 
measured in fluid mud with various concentrations. 
The velocity for all samples was increased with 
increasing temperature, and the velocity difference 
tends to increase at a higher temperature than that at 
lower temperature, caused by the change of viscosity 
and compressibility of water depending on 
temperature. But the temperature effect on the 
velocity of fluid mud was a similar rate as for distilled 
and seawater. This suggests that the viscosity and 
compressibility of fluid mud (i.e., suspension) 
significantly depends on the behavior of water. More 
experiments, however, are needed to further 
investigation for the characterization of ultrasonic 
velocity in fluid mud.
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