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Terahertz time-domain spectroscopy of a simulated pore structure to
probe particle size and porosity of porous rock*
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The particle sizes and porosities of simulated pore structures are probed by terahertz time-domain spectroscopy.
A double-peak time-domain spectrum phenomenon is observed when the terahertz (THz) pulses illuminated a pore and
a particle. The amplitudes of the two peaks depend strongly and monotonically on the particle size and porosity. A
model is used to study the phenomenon, and the computational results agreed with the experimental measurements. These
measurements indicate the terahertz spectroscopic behaviors of pores and particles, suggesting that terahertz spectroscopy

can be used as a noncontact probe of porosity.
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1. Introduction

The pore structure is highly significant in the evaluation
of reservoir rock for oil and gas resources. U1 A real-time, non-
contact, and nondestructive method of measuring the porosity
of rock has real importance in the oil and gas industry to meet
the need for a process analytical tool. The main methods of
evaluating the pore structure include mercury intrusion, nitro-
gen absorption, nuclear magnetic resonance, [?! scanning elec-
tron microscopy (SEM), and computerized tomography.3-]
The mercury intrusion and nitrogen absorption methods can
yield information about porosity, particle size, pore volume,
and other properties. SEM can provide two-dimensional in-
formation about the structure, although the necessary cut-
ting and polishing operations may change the structure of the
sample.[®! X-ray computed microtomography is used to visu-
alize samples of different materials!”! with high-energy radia-
tion and sophisticated equipment.

Terahertz (THz) radiation has low energy that is quickly
detected, and can penetrate materials that are nonconductive
and opaque at visible wavelengths. It also yields a higher
spatial resolution than microwave radiation. THz radiation
can be delivered from a handheld device that is compact,
portable, and suitable for outdoor environments. THz time-
domain spectroscopy (THz-TDS) is currently of great in-
terest, for it has a variety of applications including indus-
trial quality control, chemical and biological identification,
pharmaceutical applications, security screening, and oil field
applications. 8201
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Particles of different sizes in the material forming a stack
have various responses in the THz region. >!! Natural rock has
a complex structure in which many factors affect the prop-
agations of electromagnetic waves. In this paper, rocks are
seen as a homogeneous mixture combined with pores, and the
porosities and pore sizes of simulated samples are evaluated.
We propose a new method of measuring rocks with different
pore structures and suggest the applicability of THz-TDS tech-
nology to the evaluation of oil and gas reservoirs. We also
introduce a phenomenon and explain it using a double-peak
model, which also provides support for the development of
oil-gas optics and offers a basis and direction for the analysis
and characterization of pore structures with even smaller sizes
using THz-TDS technology.

2. Experiment

In a typical conventional THz-TDS setup, a complete
scan consists of a reference (air) scan and a sample (mate-
rial) scan. A transmissive THz-TDS detection method was
adopted.?!1 The two types of simulated pore structures used
in the experiments were made of a 0.63-mm-thick plastic
sheet.[?>3] For Group 1, the plastic sheet was cut into squares
with sizes of Lx L (L =3, 4,5, 6, 8, and 10 mm) and glued
onto a plastic board (25 mm X 25 mm) with epoxy as shown
in Fig. 1(a). These samples simulated a pore structure with
the same porosity (POR = 50%) and different particle sizes.
In Group 2, the plastic sheet was cut into squares of the same
size (L =5 mm) as shown in Fig. 1(b), and used to simulate
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pore structures with different porosities (POR = 0%, 31%,
49%, 61%, 69%, 715%, 80%, and 100%) and the same particle
where the samples with POR = 0% and 100% were called
the double-layer and single-layer samples, respectively. size,

(b)

S2E Hh

Fig. 1. (color online) Schematic drawings of samples, showing differ-
ent particle sizes with (a) the same porosity of 50% (Group 1) and (b)
different porosities with the same particle size of 5 mm (Group 2).
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The center of the light spot of the THz-TDS equipment targets
positions P and G (which represent pores and grains, respec-
tively, as shown in Fig. 1) using a reference light (visible light)
from a laser having the same optical axis as the THz beam.
The samples were placed near but not on the focus, where the
THz beam radius was about 4 mm—6 mm. A small amount of
water content was maintained to reduce the attenuation of the
THz energy.

3. Results and discussion

Figure 2 shows the time-domain waveforms of the THz
electric field for the samples with different structures. An
analysis of the time-domain spectra reveals three points: (i)
the samples with different pore structures (particle size and
porosity) can be distinguished by TDS; (ii) the spectral sig-
nal differs from the usual single-peak pulse signal, which is
called double-peak phenomenon; (iii) the amplitudes of the
two peaks depend strongly on L and the POR value. For
example, as shown in Fig. 2(a), the amplitude of the first
peak (V,}») increases from 120 mV at L = 3 mm to 245 mV
at L = 10 mm, while the second one (V) decreases from
100 mV atL=3mmtoO0OmV at L =10 mm.
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Fig. 2. (color online) THz time-domain spectra of Group 1 and Group 2 samples with the THz wave illuminating positions P and G:
(a) Group 1-P and (b) Group 1-G for the pore structure with a POR of 50% and particle sizes ranging from 3 mm to 10 mm, (c) Group
2-P and (d) Group 2-G for the pore structure with a particle size of 5 mm and POR values ranging from 0% to 100%.
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Fig. 3. (color online) (a) Schematic diagram of double-peak model and
(b) the variations of THz signals of a fast bunch and a slow bunch with
time.

Because n; > ng, where ng and n; are the refractive in-
dices of the reference and plastic sheet, respectively, and in-
dicate the different transmission speeds of electromagnetic
waves, the THz waves are divided into a fast bunch and a slow
bunch when they pass through the sample as shown in Fig. 3.
The fast bunch arrives at the detector first, and the peak signal
is generated at the position of the single-layer plastic sheet,
while the slow bunch arrives later and generates a peak signal
at the position of the double-layer plastic sheet. The two waves
are added and form an actual signal. Therefore, the following
equation:

F(t) = fi(t) + 12(0), (1)

can be used to explain this phenomenon, with the errors taken
into consideration. In Eq. (1), F(¢) is the wave function of the
sample, and f;(¢) and f»(¢) are the wave functions of the fast
and slow waves, respectively. Equation (1) can be modified
into

F(t)=ouCif(t+AT) + ol f(t +AT), 2

where ; is the attenuation coefficient and is equal to A;/Ao,
f(¢) is the wave function for the case without the sample, AT;
is the relative time delay, A; is the peak amplitude, {; is the co-
efficient that corrects for superposition and i = 1 or 2 denotes
fast or slow waves, respectively. The correction coefficient is
based on the ratio between the two peaks in the actual TDS and
the first calculation of F(r) = oy f(t + ATi) + oo f(t + ATh).
Figures 4(a) and 4(b) show the THz-TDS signals for THz ir-
radiation of position P in the samples with porosities of 31%
and 75%, respectively. The results calculated using Eq. (2) are

identical to the results of the actual signals, indicating the fea-
sibility and reasonableness of the double-peak model. Table 1
shows the parameters needed in Eq. (2). Thus, the pore space
and particle size of the sample, as well as their ratio (which
is also called the porosity) can be calculated if an appropriate
model is adopted.
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Fig. 4. (color online) Experimental (black) and calculated (red) results
from the double-peak model with (a) 31% porosity and (b) 75% poros-

ity

Table 1. Sample parameters needed in Eq. (2).

Sample  ATj ai g1 AT, o &

31%-P 096 0.14 133 214  0.65 1.00
75%-P 095 082 .00 227 0.15 1.00

Figure 5 shows the variations of peak amplitudes of the
THz signals with particle size for Groups 1-P and 1-G, and
with porosity for 2-P and 2-G, respectively. By increasing the
particle size and porosity, the peak signal amplitude changes
monotonically. As shown in Fig. 5(a) for L ranging from 3 mm
to 10 mm, Vllp increases from 120 mV to 245 mV at a rate of
17.85 mV/mm. Correspondingly, V12P changes from 100 mV to
0 mV at arate of —14.28 mV/mm. In contrast, when the THz
wave illuminates position G, the first peak V', decreases from
104 mV to 0 mV, and the second peak, V12G, increases from
123 mV to 250 mV. On the other hand, as shown in Figs. 5(c)
and 5(d), the first peaks, Vzlp and VZIG, increase from 0 mV to
182 mV and 140 mV as the porosity changes from 0% to 80%,
and the second peaks, V2, and V%, decrease from 192 mV to
25 mV and 43 mV, respectively.
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Fig. 5. (color online) Variations of THz peak amplitudes extracted from THz-TDS with particle size for Groups 1-P (a) and 1-G (b),

and with porosity for Groups 2-P (c) and 2-G (d).

As we can see from the amplitude in Fig. 3, the THz-
TDS technology can be used to distinguish diverse pore struc-
tures qualitatively. We can even expect to distinguish the pore
structures semiquantitatively and quantitatively in the future.
This research, as well as further analysis of the double-peak
phenomenon, will be realized gradually in later experiments.
Compared with THz imaging technology, the method in this
paper is fast and easy to analyze. Compared with traditional
focus-type THz-TDS, this method avoids errors generated by
evaluating a single point. Encouragingly, our experimental re-
sults would facilitate the application of THz-TDS technology
to the evaluation of the oil and gas reservoirs associated with
unconventional oil and gas resources.

4. Summary and outlook

In this paper, we extend the investigation of the proper-
ties of different pore structures by taking into account their
THz band response. THz spectra show that different parti-
cle sizes and porosities can be obviously distinguished by the
peak values in a double-peak phenomenon. Petroleum is one
of the most important nonrenewable energy resources in the
world. A deeper understanding of the porosity of rock with
respect to oil and gas generation would play a role in solving

the current energy problem in the world. Being nondestructive
and contactless, THz technology shows great promise for im-
proving porosity analysis; it can be established as a key tool
in petroleum exploration and thus positively affect the oil and
gas industry.
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