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Abstract 

An ultrasonic method was tested to rapidly determine the porosity in custom made ceramic sam-
ples. The samples with porosities between 4 and 33% were of identical composition. The porosity esti-
mates by ultrasonic method were validated against those obtained by helium and air pycnometry as well 
as with Archimedean method. The ultrasonic measurements can be performed rapidly (less than a minute) 
but they require a well prepared sample. 
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1 Introduction 

Porosity is a physical parameter that affects the mechanical, electrical, and ther-
mal properties of rocks, meteorites, construction materials (asphalt, concrete), and many 
biological materials, e.g. wood. The porosity p of a solid body is defined as the ratio of 
the total pore volume (VP) to the bulk volume(VB): 

p = VP / VB, (1) 

Pore volume is usually determined as a difference between bulk and grain volume 
(VG – the volume of the solid matrix only). 

Porosity can be measured in several ways. In petrophysics, the most widely used 
laboratory methods include Archimedean water immersion method, gas pycnometry, or 
X-ray microtomography (Rasilainen et al, 1996, Schön, 2004 and references therein). 
Most of these methods are slow, or include sample contamination by the measuring me-
dium (gas, water, mercury etc.). Therefore, novel methods for rapid and non-destructive 
porosity measurements are required, especially to measure rare or sensitive materials, 
such as extraterrestrial samples (Kohout et al., 2008). Many physical properties of rocks 
and minerals depend strongly on porosity. For example, while permeability, elastic con-
stants,  and  seismic attenuation depend almost linearly on porosity, the density, electric  
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resistivity, thermal conductivity, and seismic velocities (longitudial – vp, shear – vs) de-
pend inversely on porosity. However, the published “physical property vs. porosity” 
plots (see review in Schön, 2004 and references therein) reveal considerable scatter. 
This scatter may be caused by differences in grain size, packing density, structure of the 
minerals and their bonding, and lithological variation (e.g, quartz content, etc.; Schön, 
2004). Recent studies also indicate inverse relationships between seismic (ultrasonic) 
velocities and porosity of rocks from a Precambrian Outokumpu assemblage (Elbra et 
al., 2011; Lassila et al., 2010), as well as from meteorite impact structures on crystalline 
target rocks (Elbra and Pesonen, 2011; Pesonen, 2011). 

In order to determine the relation between porosity and ultrasound velocity we 
carried out experimental measurements on artificially manufactured ceramic samples 
featuring constant composition and distinct variation in porosity. Porosities were deter-
mined with gas pycnometry and Archimedean water immersion method while ultrasonic 
velocities were obtained from time of flight measurements (TOF). Additionally, the ef-
fect of pore filling medium (air vs. water) on ultrasound velocity was tested. 

To determine the precision and accuracy of methods relying on ultrasonics, we 
employed the gas pycnometry and the Archimedean water immersion methods to de-
termine independently porosity of  the samples. 

2 Materials and methods 

The ceramic samples were prepared at University of Art and Design Helsinki, Fin-
land. A K69 clay mixture was prepared from commercially available materials: 40% 
feldspar (FFF K7), 30% kaolin (Grolleg ECC), 20% ball clay (Hyplas 64), and 10% 
quartz (FFQ). The mixture was prepared to ~ 10 cm diameter cylinders and subsequent-
ly fired in a kiln at 1000°C – 1200°C for 6-8hours (Table 1). Generally, an increase in 
the firing temperature reduces the porosity of the ceramics product. Hence by adjusting 
the firing temperature it was possible to adjust the porosity from 4% to 33% with identi-
cal mineral composition. Cylindrical core samples (2.5 cm diameter) were drilled from 
the final ceramic products for the measurements. The faces of the cylinders were cut 
parallel and polished for easy and reliable ultrasonic measurements. Table 1 shows the 
porosity and grain density of the manufactured samples. Based on nearly constant grain 
density composition of the samples is similar almost through the whole porosity range. 
Only at the highest firing temperatures (over 1100°C, porosities below 15%) the grain 
density starts to slowly decrease indicating possible mineralogical changes or changes 
in bonding which has taken place during fabrication. 

3 Ultrasound velocity method 

The TOF measurements across the ceramic cylinders were done using a through 
transmission technique (see Lassila et al., 2010). Briefly, the sample was placed be-
tween two identical vertically aligned transducers: Karl Deutsch S 24 HB 0.3–1.3 MHz 
transducers for longitudinal wave (vp) measurements and custom built 3.5 MHz 
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(3.2-4.2 MHz -6 dB band width) shear transducers for shear wave (vs) measurements. A 
lead weight (1 kg) on the topmost transducer induced a static load to provide better con-
tact between the sample and transducer. A 20 mm long fused quartz delay line between 
the longitudinal transducer and the sample provided a reference time of flight value. The 
shear transducers featured internal delay lines, so a reference time of flight could be ob-
tained without a separate delay line. 

Table 1. Sample firing temperature (T), bulk (DB) and grain (DG) density, porosity (p) determined by Ar-
chimedean method (average of three individual measurements, samples F2 G1 and G2 average of two 
individual measurements), air and helium pycnometry, longitudinal (vp) and shear (vs) wave ultrasound 
velocities measured for oven dried and water saturated samples. Bulk density was calculated from sample 
mass and geometrically determined volume. Grain density was calculated from sample mass and grain 
volume determined by helium pycnometer. 

  He. pyc. Geom. Arch. Air pyc. He pyc. Saturated Oven dry 
Sample T 

(°C) 
DG 

(kg/m3) 
DB 

(kg/m3) 
p (%) p (%) p (%) vp 

(m/s) 
vs 

(m/s) 
vp 

(m/s) 
vs 

(m/s) 

A1 1000 2635 1698 32 39 35.6 1898 1026 1781 1107 

A2 1000 2637 1712 32 39 35.1 1542 1072 1512 1152 

G1 1030 2625 1694 33 36 35.5 1399 1198 1412 1257 

G2 1030 2633 1705 33 38 35.2 1477 1188 1476 1296

B1 1070 2621 1735 31 38 33.8 1769 1366 1753 1503 

B2 1070 2621 1738 31 36 33.7 1790 1392 1825 1493 

E1 1100 2608 1696 29 32 35.0 2514 1603 2302 1731 

C1 1130 2579 2055 16 19 20.3 3503 2413 3484 2510 

C2 1130 2572 2050 15 20 20.3 3424 2428 3437 2466 

F2 1170 2453 2259 4 6 7.9 4935 3246 4800 3196 

 
 
A pulser/receiver (Olympus 5072 PR) was used to excite the transducers. The 

pulse generator settings are listed in Table 2. Coupling gel (Ultragel II) between the 
transmitting transducer and the delay line improved the acoustic coupling. Using gel on 
the samples would block the pores and cause sample contamination and misleading re-
sults. An oscilloscope (Lecroy 9310) collected the received ultrasonic waveforms which 
were saved to a computer using LabVIEW. For the longitudinal and shear waveforms 
averaging of 300 and 500 times were used, respectively. 

The samples were dried in an oven at 1001°C for 2 hours. After drying they were 
measured with both longitudinal and shear mode transducers, respectively. 

To saturate the pore space, the samples were soaked in water for 12 hours under 
reduced pressure using a water flow pump. After water saturation, the samples were 
measured again using the same procedure as in the oven-dry case. The sample surfaces 
were gently swiped with a paper towel to remove excess water from the surface. 
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Table 2. Settings for pulse generator (Olympus 5072 PR).  

Measurement 
type 

Longitudinal Shear 

Gain [dB] 20 & 0* 30 

Energy 3 3 & 2* 

Damping 2 3 

100 Hz PRF  
*Measurements with saturated samples 

Ultrasonic vp and vs velocities were determined from the measured longitudinal 
and shear wave propagation mode TOF values. The TOF for each signal was deter-
mined from a point above the noise level prior to the first arrival ,which is approximate-
ly 2% of the maximum intensity of the signal. Provided that the signal shape after trav-
elling through the sample is similar to the shape of the launched signal this time coordi-
nate corresponds to the arrival of the fastest traveled wave. TOF values through the de-
lay lines were subtracted from the measured values to get the TOF values through the 
sample. The measurement was repeated four times and the average value was used as 
result. The thickness of the sample was measured with a Vernier caliper from four dif-
ferent locations. The uncertainty of the velocity estimate was calculated from the stand-
ard errors of TOF and thickness using the error propagation law and is presented in Fig. 
1. 

4 Gas pycnometry method 

In a gas pycnometry an “ideal” gas (e.g. helium, air) is used to measure grain vol-
ume as it penetrates into the open pores of the samples. (e.g. Kuoppamäki et al., 1996; 
Kuoppamäki, 1997). The porosity p was determined using independently determined 
bulk volume VB  using equation (1). 

A Notari air pycnometer (~0.1 cm3 resolution) and Quantachrome Ultrapyc 1000 
Helium Pycnometer (~0.01 cm3 resolution) were used to estimate VG whereas VB was 
calculated from the geometric shape of the sample. The geometric measurements were 
done using a micrometer and performed ten times per sample with an accuracy of 0.05 
cm3. 

5 Archimedean immersion method 

For the measurements we used an Ohaus Scout Pro SPU402 digital balance with 
10 mg resolution. Prior the measurements, the samples were dried in an oven at 110°C 
for 12 h. We weighted the samples first with free pore space and then with their pore 
space saturated with water (e.g. Kivekäs, 1993). To saturate the pore space the samples 
were soaked in water for 12 h under reduced pressure using a water flow pump. The 
samples were weighted first in air and then suspended in water. The porosity p was de-
termined as: 
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p = (mSA – mFA) / (mSA – mSL), (2) 

where mSA is the mass of sample in air with water saturated pore space, mFA is the mass 
of sample in air with free pore space, and mSL is the mass of sample suspended in water 
with water saturated pore space. 

The measurements were cross-checked in two laboratories (Solid Earth geophys-
ics laboratory of the University of Helsinki and at the Petrophysics Laboratory of the 
Geological Survey of Finland) with a repeatability within ±1%. 
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