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Abstract - Permeable pavement systems (PPS) are widely 

adopted in developed countries for urban flood control and heat 

island mitigation challenges, but have not yet been widely used 

in Vietnam. Monitoring volumetric water content (θ) in roadbed 

materials is essential for evaluating their performance for 

abovementioned challenges at pilot-scale. The Time Domain 

Reflectometry (TDR) technique is commonly used for measuring 

θ but requires a material–specific calibration for θ values. This 

study aims to establish calibration curves for roadbed materials 

by using a commercially available sensor of TDR-315H. Two 

types of materials were tested in the laboratory: (i) unbound 

roadbase materials including recycled concrete aggregates 

(RCA), RCA blended with autoclaved aerated concrete grains, 

and natural aggregates, and (ii) RCA combined with recycled 

brick aggregates and cement as a bound porous surface. The 

results showed that sensor manufacturing variability was 

negligible, and specific calibration curves were successfully 

developed for each material.  
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1. Introduction 

Permeable pavement systems (PPS) have been 

recognized as sustainable drainage systems that contribute 

to addressing various challenges in urban areas, such as 

controlling urban floods, improving groundwater quality, 

and mitigating the urban heat island (UHI) in many 

developed countries. However, a review work on 

challenges to the adoption of PPS in Vietnam [1] revealed 

that PPS has not yet been widely used in Vietnam, and one 

of the challenges is that policymakers have not yet 

recognized PPS practice as being beneficial under the 

conditions of Vietnam. To evidence the benefits PPS can 

bring under the conditions of Vietnam, establishing a pilot–

scale monitoring system to monitor required 

parameters/properties for evaluating the effectiveness of 

PPS in controlling urban flooding and mitigating the UHI 

becomes important. The volumetric water content (θ) of 

roadbed material stands out as one of the most important 

properties required to evaluate the above challenges. 

Time Domain Reflectometry (TDR) is a widely used 

electromagnetic technique for determining the volumetric 

water content (θ) of soil. Since Topp et al. [2] introduced a 

general calibration equation linking TDR–measured 

dielectric constant (ε) to θ, numerous alternative calibration 

models have been developed by various researchers (e.g., 

[3–4]). Previous studies have shown that the dielectric 

constant is affected by factors such as water content and 

density [5], bound water [6], temperature [7], bulk 

electrical conductivity [8], and soil salt content [9]. 

Estimating volumetric water content using a TDR 

sensor often requires a soil–specific calibration between 

the ε and θ in the laboratory [10]. The TDR–315H sensor 

(Acclima Inc., USA), recently commercialized by Acclima 

Inc., USA, is designed to measure θ in soils [11]. 

Compared to other sensors in the TDR–315 series, the 

TDR–315H features several improvements, including a 

faster rise time, shaped incident wave, lower power 

consumption, and very fast response time [12]. Although 

full waveforms can be acquired from TDR–315 series 

sensors (including the TDR–315H) via a specialized 

interface, the sensor is primarily designed to output 

processed data which is automatically converted to 

dielectric constant via a comparative interface (e.g., 

PC400, Campbell Scientific, Inc., USA) [13]. Owing to 

these benefits, some studies have used this sensor to 

estimate soil θ in practice (e.g., [11, 14]) without 

calibration (i.e., relying on default models or 

manufacturer–provided calibration curves). However, this 

assumption may not hold for fundamentally different 

coarse materials, such as roadbed materials. Till now, there 

have been limited studies on calibration curves (ε vs. θ) 

using the TDR–315H for roadbed materials. Therefore, this 

study aims to: (i) evaluate manufacturing variability by 

measuring the dielectric constants of well–known 

reference materials (distilled water and air), and (ii) 

establish calibration curves for the TDR–315H for roadbed 

materials. 

2. Materials and methods 

2.1. Materials 

For the unbound base materials, recycled concrete 

aggregates (RCA) were produced from waste concrete 

collected at a construction and demolition waste dumping 

site in Hanoi, Vietnam. Scrap autoclaved aerated concrete 

(AAC) obtained from Viglacera Corp. in Bac Ninh 

Province, Vietnam, was crushed using a stainless–steel 

hammer, while RCA was crushed using a jaw and hammer 

crusher. Two RCA–AAC blends were prepared based on 

mass substitution rates (f): 0% (RCA100%) and 30% 

(RCA70% + AAC30%). Additionally, a natural aggregate 

sample (NA100%) was included for comparison. 
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Figure 1. Particle size distributions of the tested materials (solid 

line) in this study. The boundaries (dashed lines) for subbase 

materials prescribed in TCVN 8857:2011 [19] were given 

All materials were classified as poorly graded 

according to ASTM D2487:2006 [15], and their particle 

size distributions are shown in Figure 1. While some 

fractions fell outside the recommended boundaries in 

Figure 1, all samples were confirmed to meet roadbed 

bearing capacity requirements [16]. The 30% AAC 

substitution rate was selected due to its optimal balance of 

water retention and structural integrity [16–17]. The initial 

water contents for compaction were 2%, 10.7%, and 24.5% 

for NA100%, RCA100%, and RCA70%+AAC30%, 

respectively. The initial water content refers to the water 

content during the compaction. TDR–315H sensors were 

vertically installed at the center of a Modified Proctor 

compaction mold (inner diameter: 15 cm; height: 12.5 cm) 

that was sufficiently large to allow smooth compaction and 

prevent sensor damage. The materials were then 

compacted to achieve dry densities of 1.97, 1.70, and 1.30 

g/cm3, respectively, which approximates the maximum dry 

densities obtained by the Modified Proctor method [18]. 

For the bound porous pavement surface, RCA and 

recycled brick aggregates (2.5–5 mm) were mixed with 

cement and water at a water–cement ratio of 0.25 (i.e., 

95/380) to produce the porous surface layer. A water–

reducing agent was added during mixing. The proportions 

of aggregates, water, and cement used in the concrete mix 

design are detailed in Table 1. Two transparent, rigid 

plastic cylindrical molds, which are identical in dimensions 

to the Modified Proctor compaction mold, were joined 

together using glue. A TDR–315H was vertically placed in 

the center of the mold, and the samples were compacted by 

hand using a pestle. Duplicate specimens, labelled  

K–Ground 1 and K–Ground 2, were prepared with technical 

support from ECOSYSTEM Inc., Japan [20–21]. The 

resulting dry densities after compaction were 1.66 g/cm3 and 

1.39 g/cm3, respectively. The basic physical properties of the 

tested samples are summarized in Table 2. 

Table 1. The comparison of clustering result 

Components W C RCA RCB 
Water–

reducing agent 

Amount (kg) 95 380 658 745 3.8 

W: Water, C: Cement, RCB: Recycled clay brick 

Table 2. Basic physical properties of the tested samples used in 

this study 

Sample 
Surface layer Roadbase layer 

K–Ground 1 K– Ground 2 NA100% RCA100% 
RCA70%+AAC30

% 

Sensor TDR 1–1 TDR 1–2 TDR 2–1 TDR 2–3 TDR 2–5 

rs  2.69 2.69 2.98 2.68 2.65 

g 

(g/cm3) 
1.66 1.39 1.97 1.70 1.30 

Φ 0.38 0.48 0.27 0.33 0.45 

rs: specific density, g: Dry density, Φ: total porosity 

2.2. Sensor description 

The TDR–315H is a high-precision time domain 

reflectometry (TDR) sensor designed for soil moisture and 

geophysical measurements. It supports the industry-standard 

SDI–12 communication protocol and is compatible with any 

data logger equipped with an SDI–12–compliant port, 

making it highly adaptable for various field applications 

[22]. The sensor features a planar three-conductor 

transmission line, 150 mm in length (see Figure 2), 

composed of a central rod for transmitting the incident pulse 

and two outer rods serving as grounds. Each rod has a 

diameter of 3.5 mm, with a spacing of 19 mm between them, 

forming a defined electromagnetic field for accurate 

measurements. Internally, all TDR–315H sensors use a 

standardized printed circuit board assembly. This includes a 

step function generator, a precision time base generator,  

a 5-ps resolution waveform digitizer, a thermistor for 

temperature compensation, and communication circuitry-all 

encapsulated within the sensor head for durability and 

protection. The step function generator produces an 80 MHz 

step pulse with a 20–80% rise time of 64 ps. The TDR 

circuitry is directly coupled to the electrodes to ensure high-

fidelity signal transmission and reflection analysis [22]. 

A summary of the sensor’s key measurable parameters, 

including electrical characteristics and structural 

dimensions, is provided in Table 3. 

Table 3. Key measurable measurements of 

 the TDR–315H sensor  

Parameters Φ 
Dielectric 

constant (ε) 
BEC T 

Unit %  μS/cm oC 

Range 0 ~100 1 ~ 80 0 ~ 5000 – 40 ~ 60 

θ: Volumetric water content, BEC: Bulk electrical conductivity,  

T: Medium temperature 

2.3. Measurements of volumetric water content and 

dielectric constant using TDR–315H sensor 

For the measurements of the ε and θ of roadbed 

materials, a typical schematic of the TDR sensor setup for 

K–Ground samples is shown in Figure 2. The TDR sensor 

was connected to a data logger (CR1000X, Campbell 

Scientific, Logan, UT, USA) and a laptop. The PC400 

interface software (Campbell Scientific) was used to record 

the dielectric constant. Measurements began at the initial 

water content. Following this, the samples were fully 

saturated for one week and then gradually de–saturated by 

gravimetric water loss. 

The drying process was conducted at room temperature 

(18~25°C). For the bound porous surface samples  
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(i.e., K–Ground 1 and 2), free water was monitored 

visually several times until no visible water remained 

(approximately within the first 10 minutes) 

For the unbound roadbase samples (i.e., RCA100%, 

RCA70%+AAC30%, and NA100%), due to their high 

capillary water content, few samples at intermediate 

moisture ranges were measured for volumetric water 

content and dielectric constant. Although achieving 

completely uniform water content throughout the samples, 

especially in the vertical direction, is unrealistic, the sensor 

rod was placed horizontally during measurements to ensure 

consistent water content across all sensor contact points.  

 

Figure 2. Typical schematic of the TDR–315H sensor setup 

The volumetric water content at each stage was 

determined based on the weight of water lost during the 

controlled de-saturation process. Following this, the 

samples were oven-dried at a constant temperature of 30 °C 

for a period of two weeks. This relatively low drying 

temperature was intentionally selected to prevent potential 

damage to the TDR sensors embedded in the samples. 

After drying, the samples were transferred to a climate-

controlled room and stored under stable environmental 

conditions, specifically, at 20 °C and 60% relative 

humidity for an additional two weeks to ensure equilibrium 

moisture conditions before further testing. At each stage 

corresponding to a specific water content level, the 

dielectric constant of the material was measured and 

recorded using the TDR sensors. For reference and 

calibration purposes, additional TDR measurements were 

conducted using distilled water and air as standard media. 

The procedure for these measurements followed the same 

methodology as that applied to the roadbed material 

samples, ensuring consistency in the experimental 

approach. 

3. Result analysis 

3.1. Dielectric constant of distilled water and air 

The observed dielectric constant of distilled water and 

air was tabulated in Table 4. The temperature of distilled 

water (Twater) was in the range of 18~19.5 oC, while that for 

air (Tair) was 19~21oC. There was slightly a slight 

difference in temperature between each measurement for 

distilled water (i.e., TDR 1–1 and 1–2 were performed 

under Twater of 18oC, while that for TDR 2–1 and 2–2 and 

2–3 was 19.5oC), and for air (i.e., TDR 1–1 and 1–2 were 

performed under Tair of 19oC, while that for TDR 2–1 and 

2–2, and 2–3 was 21oC). Despite this, the observed 

dielectric constants remained stable, ranging from 78 to 80 

for water and around 1.0 for air. The average values of 79 

(water) and 1.0 (air) closely match well–known reference 

values (e.g., [23]), indicating that manufacturing variations 

among the TDR sensors were negligible. Moreover, slight 

changes in medium temperature did not significantly affect 

the dielectric constant measurements. 

Table 4. Key measurable measurements of 

 the TDR–315H sensor  

Sensor  
Air Distilled water 

Tair (oC) ε Twater (oC) ε 

TDR 1–1 19.0 1.1 18.0 80 

TDR 1–2 19.0 1.0 18.0 78 

TDR 2–1 21.0 1.0 19.5 79 

TDR 2–3 21.0 1.0 19.5 79 

TDR 2–5 21.0 1.0 19.5 79 

Tair, Twater: Temperature of air and distilled water at the time 

of measurements determined by thermometer 

3.2. Calibration curves for TDR–315H sensor in roadbed 

materials 

The observed dielectric constant of porous pavement 

surface materials (K–Ground 1 and 2) and roadbase 

materials (NA100%, RCA100%, and RCA70% + 

AAC30%) is shown in Figures 3a and 3b. In Figure 3b, the 

reference materials from the literature were given. The 

well–known empirical dielectric constant and soil water 

content (ε vs. θ) relationship developed by Topp et al. [2] 

has been plotted as follows: 

ε =3.03+9.3θ +146θ2 – 76.7θ3   (1) 

In this study, because the roadbed materials exhibited a 

wide range of dry bulk densities, the semi–physical 

equation proposed by Malicki et al. [3], which takes the dry 

bulk density (γ) into account, was adopted to define the 

lower and upper boundaries of the calibration range. The 

equation by Malicki et al. [3] is expressed as: 

θ = ε0.5 – 0.819 – 0.168g – 0.159g2)/(7.17 + 1.18g)  (2) 

where g is the dry bulk density (g/cm3). In this study, the 

lower dry bulk density was assumed to be 0.7 g/cm³, as 

observed in the case of AAC100% [16], while the upper 

bound was set to 2.98 g/cm³ (Table 2), corresponding to the 

theoretical specific gravity of the NA100% used. 
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Looking at Figure 3a, the calibration curve (ε vs. θ) for 

K–Ground 1 and 2 showed two distinct trends. A single 

polynomial curve, commonly used for soil or sand 

calibration (e.g., Figure 3b), was not applicable to these 

samples. It is noted that during the experiment, the 

measurement of dielectric constant and the corresponding 

θ at the turning point was performed by de–saturating the 

gravitational (free) water by gravity. Therefore, it is 

assumed that the turning point represents the transition 

between gravitational water and capillary water states. It is 

observed that from full saturation to the point just before 

the gravitational water was depleted, the dielectric constant 

of the TDR sensor was highly sensitive to changes in θ. In 

contrast, in the range from just after gravitational water 

depletion to the air–dried condition (i.e., dominated by 

hygroscopic or bound water), the dielectric response to θ 

was less pronounced. The decrease in θ before the 

gravitational water state ends probably leads to the 

existence of air surrounding the TDR sensor and a 

significant decrease in ε value with a small decrease in θ. 

Once the gravitational water had drained, only bound water 

remained, and the surrounding air had a dominant 

influence, resulting in reduced ε variability with further 

changes in θ. This is expected, as the dielectric constant of 

free water is significantly higher than that of bound water 

[6]. The observed calibration (ε vs. θ) values for K–Ground 

1 and 2 (as well as for the roadbed materials shown in 

Figure 3b) fell within the upper and lower boundaries using 

Malicki et al. [3] proposed model, which incorporates the 

effect of dry bulk density. 

Looking at Figure 3b, the calibration curves for 

NA100%, RCA100%, and RCA70%+AAC30%, in 

contrast to K–Ground 1 and 2 samples, showed smoother 

curves and could be well fitted using polynomial equations. 

Notably, for the same θ, the ε differed significantly 

across materials, particularly between NA100% and the 

other two RCA–based mixtures. This is probably due to the 

difference in materials used and geometry. The results 

from water retention curves (e.g., [17]) and pore size 

density (e.g., [24–25]) for these materials indicate that 

NA100% exhibited a sigmoidal curve, while that for 

RCA100% and RCA70%+AAC30% were bimodal curves. 

The pore size distribution of NA100% is assumed to be 

mainly contributed by the macro pore water (e.g., free pore 

water) formed between the particles, while that for 

RCA100% and RCA70%+AAC30% was micropores 

formed by between particles and/or particles itself. 

The references of fine particle materials such as silty 

loam [9], sand and calcined clay [26], using the same TDR 

sensors, exhibited slight differences; however, overall, 

they are much less sensitive than coarse materials (roadbed 

materials) in this study. This indicates the importance of 

calibration of TDR sensors, especially for coarse materials. 

The widely used calibration curve proposed by Topp et al. 

[2] captured the general trend reasonably well for soils, 

sands, and RCA–AAC materials, especially under low 

water content conditions (Figure 3b). Material–specific 

calibration curves for all tested roadbed materials are 

presented in Figures 3a and 3b.  

 

 

 θ = –2×10–7ε5+2×10–5ε4 – 0.0007ε3+0.0085ε2 – 0.016ε (r² = 0.999) 

 θ = –7×10–7ε5+5×10–5ε4 – 0.0011ε3+0.011ε2 – 0.0181ε (r² = 0.998) 

 θ = –6×10–8ε5+7×10–6ε4 – 0.0002ε3+0.0029ε2 – 0.0033ε (r² = 0.999) 

Figure 3. Calibration curves of the tested materials used in  

this study: (a) bound porous surface material and (b) unbound 

roadbed materials. Reference calibration data using the same 

TDR–315H from previous studies [9, 26] was given 

Nevertheless, the observed differences in calibration 

curves across varying dry densities for roadbed materials 

strongly indicate that dry density is a critical factor 

influencing TDR–based calibration. Therefore, the 

development of calibration models for roadbed materials, 

particularly those incorporating RCA, AAC, and NA 

should explicitly account for dry density to improve 

measurement accuracy. 

4. Conclusion 

A series of laboratory tests were carried out to measure 

the volumetric water content and corresponding dielectric 

constant using TDR–315H for various recycled roadbed 

materials made from construction waste materials. 

The results showed that manufacturing variations 

among the TDR–315H used in this study were negligible. 

Additionally, the measured dielectric constants for distilled 

water and air remained stable, even with temperature 

variations of a few degrees Celsius. 

θ = 0.004ε2 + 0.007ε

(r² = 0.959)

θ = 0.004ε + 0.232 

(r² = 0.983) 
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The calibration curves developed for different materials 

demonstrated that accurate estimation of volumetric water 

content using TDR–315H is material–specific, particularly 

for coarse–grained materials such as those used in 

roadbeds. Therefore, material–specific calibration is 

essential prior to practical application. The established 

calibration curves for NA, RCA, RCA mixed with AAC, 

and RCA mixed with recycled brick and cement can be 

used as practical references for estimating θ in these 

roadbed materials. In cases where arbitrary proportions of 

AAC are mixed with RCA and specific calibration curves 

are unavailable, models that incorporate dry density such 

as that proposed by Malicki et al. [3], can be considered as 

a reasonable alternative. 
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