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ABSTRACT: This paper explores the consequences of the thermal loading caused by waxing, used in practice to 

seal tube and block specimens, on the quality of natural soft soils specimens. The details of pilot experimental and 

numerical programs are presented. It includes a waxing test carried out on a natural soft clay from the National 

Soft Soil Field Testing Facility (NFTF) located in Ballina (NSW, Australia). Experimental results were used to 

calibrate a numerical model aimed at estimating the thermal field imposed by the thermal loading due to waxing. 

Estimations of maximum excess pore pressure generated by the thermal loading are presented in discussion. 

Potential impacts of the thermal loading on the mechanical parameters obtained from laboratory tests which are 

used in geotechnical design are also discussed. 
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1. Introduction 

In geotechnical practice, wax is widely used to seal 

tube and block specimens after sampling[1]. A 

conventional procedure of wax sealing is to pour the 

melted wax directly on exposed surfaces of tube and 

block specimens. Once the wax cools down and 

solidified, a barrier is formed to prevent moisture 

losses within the samples. Despite of its proved 

efficiency as sealing method [2-4], there is implicitly 

assumed that waxing does not alter the soil 

properties with the exception of the soil located 

close to the top and bottom ends [1]. This empirical 

procedure neglects the possible impact of the 

thermal gradient generated by waxing on the 

mechanical properties of the sampled soil.  

Over the past decades, the need for developing 

sustainable facilities to dispose nuclear waste has 

promoted vast amount of research studies that have 

focused on understanding the behaviour of natural 

and compacted geomaterials when subjected to 

thermal, hydraulic and mechanical actions [5-12]. 

Knowledge gained from those studies may now be 

applied to evaluate other problems such as the 

thermal gradient induced by waxing as well as the 

excess pore water pressure and any soil deformation 

caused by the thermal loading in tube and block 

specimens of soft soils (see Figure 1).  

This paper presents preliminary results of an 

experimental and numerical study aimed at 

evaluating the influence of the thermal gradient 

caused by waxing on tube specimens of soft clay. A 

simple analytical model is adopted in this study to 

predict the maximum excess pore water pressure 

generated by the thermal loading.  

 

Figure 1 Thermal disturbance caused by wax sealing 

2. Materials 

The soil tested is Ballina clay obtained from the 

National Soft Soil Field Testing Facility (NFTF) 

located at the town of Ballina, north New South 

Wales (Australia). Ballina clay represents the 

estuarine soft soil deposits commonly encountered 

in south and east Australian coastlines. Typical 

features of these deposits are very low undrained 

shear strength, high compressibility, low water 

permeability and the presence of weak soil structure 

(fabric) easily destroyed when the yield stress is 

exceeded [13]. Ballina clay is mainly composed by 

kaolinite, illite, amorphous minerals and 

interstratified illite/smectite [13,14]. 

The soil tested in this paper was retrieved between 

9.3 m and 9.6 m depth using a fixed-piston sampler 

(89 mm in diameter) [14]. Table 1 presents some 

basic properties of the soil. It has a natural water 

content around 111.7 %, which is close to its liquid 

limit (115 - 119.2 %).  The void ratio of the natural 

soil is around 3.  
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Table 1. Basic properties of Ballina clay 

Property Description 

Natural water content 102.4-111.7% 

Liquid limit 115-119.2% 

Plastic limit 48.9-49.8% 

Dry density (Mg/m3) 0.70-0.72 

Void ratio 2.99 

Mineral composition 

Kaolinite:24.5% 

Illite:18% 

Amorphous mineral: 18% 

Illite/smectite:12% 

Quartz:10% 

Pyrite:6% 

3. Thermal loading test 

To evaluate the effects of waxing within a tube 

specimen, a pilot thermal loading test was 

performed. The test was carried out using the top 

part (203 mm in length) of a natural tube sample 

retrieved with the fixed piston sampler described 

above. Although the top end of the tube was 

previously waxed during the sampling campaign, 

this layer of solidified wax and the upper 5 mm of 

soil were removed prior to the thermal loading test. 

Thermocouples were installed at two locations 

within the soil (2/2* and 3/3*) as shown in Figure 2. 

Temperature variation was measured at the center of 

the sample but also at the tube wall. An additional 

pair of thermocouples (4/4*) were used to measure 

the temperature inside the wax. After the installation 

of the thermocouples, melted wax was poured 

directly on the top of the specimen to form a layer of 

15 mm in thickness. Temperature was logged during 

the cooling stage until it reached the laboratory room 

condition (To  22 oC). 

 

 

Figure 2 Experimental setup for the thermal loading test 

4. Experimental results 

Figure 3 presents the evolution of temperature with 

time measured at different locations in the tube 

sample. Temperature in the wax reached a maximum 

value of 85 oC after pouring. Then, it reduced 

gradually to room conditions (To  22 oC) in less 

than one day. A maximum temperature of 34 oC was 

measured by thermocouple 3*, located below the 

wax/soil interface. At the bottom of the sample, a 

maximum temperature of 28 oC was recorded. The 

wax layer was removed after 1 week and clear traces 

of soil oxidation were detected.  

  

Figure 3 Temperature variation with time after waxing 

5. Simulation of thermal loading caused by 

waxing 

To get a better understanding of the evolution of the 

thermal gradient generated by waxing in tube 

sample, a simple numerical modelling of the thermal 

loading was performed using the finite element 

analysis program ABAQUS FEA 6.14. For the sake 

of simplicity, it was assumed that conduction is the 

only factor that controls the temperature field within 

the sample. Therefore, the basic energy balance 

equation could be simplified as: 

∫ 𝜌�̇�𝑑𝑉
𝑉

= ∫ 𝑞𝑑𝑆
𝑆

− ∫ 𝑟𝑑𝑉
𝑉

(1)  

where V is the volume of the material with surface 

area of S, 𝜌 is the density of the material, �̇� is the 

material time rate of the internal energy, q is the heat 

flux per unit area of the body, r is the heat supplied 

internally into the body per unit volume.  

The heat flux q and the internal energy U are 

calculated via following equations respectively: 

𝑞 = −𝜆∇𝑇  (2)  



𝑑𝑈 = 𝑐(𝑇)𝑑𝑇 (3) 

where 𝜆 is the thermal conductivity of the material, 

∇𝑇 is the thermal gradient, and c is the heat capacity 

of the material. For solid materials, heat capacity is 

constant. However, for materials that experience 

phase change during the simulation process, the heat 

capacity varies with temperature in consideration of 

latent heat. 

In this study, the phase change behaviour is 

described using following equation: 

𝑐(𝑇) = {

𝑐                 (𝑇 > 𝑇𝐿  𝑜𝑟 𝑇 < 𝑇𝑠)

𝑐 +
𝐿

𝑇𝐿 − 𝑇𝑆

      (𝑇𝑠 < 𝑇 < 𝑇𝐿)
 (4) 

where L is the latent heat, TS and TL are solidus and 

liquidus temperatures respectively. Equation 4 

assumes that the phase change occurs within a 

specified temperature range (defined by the solid 

and liquid temperature), and the release of latent 

heat varies linearly with temperature. Table 2 

summarizes the parameters of the materials adopted 

in the simulations. 

Table 2 Thermal parameters for the materials 

Material Wax S.S. tube Soil 

Heat capacity 

(103J/kg∙K) 
2.9[15] 0.502[16] 1.381[17] 

Thermal 

conductivity 

(W/m∙K) 

0.25[18] 16[19] 1.5[20] 

Density 

(kg/m3) 
900[21] 7480[22] 1348[13] 

Latent heat 
(105J/kg) 

2[23] - - 

Solidus 

temperature 
(oC) 

50[23] - - 

Liquidus 

temperature 

(oC) 

60[23] - - 

 

For the boundary condition, two kinds of 

boundaries were used in the simulation, the 

adiabatic boundary and convective boundary. No 

heat flux is allowed at the adiabatic boundaries, 

while the heat flux at the convective boundaries is 

controlled by the convective equation: 

𝑞 = 𝑐𝑐𝑜𝑛𝑣(𝑇 − 𝑇0) (5) 

where 𝑞 is the heat flux at the boundary, 𝑐𝑐𝑜𝑛𝑣 is the 

convection coefficient at the boundary, T is the 

temperature at the boundary surface, and T0 is the 

temperature of the environment. 

The simulations of the waxing process were divided 

into 2 stages. In the first stage, simulation of the pilot 

test was performed to calibrate the boundary 

conditions based on the experimental results. The 

setup used in the numerical simulations is shown in 

Figure 4. A 2D axisymmetric analysis was 

performed. An adiabatic boundary was assigned to 

the symmetric axis, and the other boundaries were 

assigned with convective boundaries to simulate the 

heat loss from the system (soil+wax+tube) to the 

environment. Four-node linear heat transfer 

elements were adopted in the simulation. The 

element size for soil and wax was 1 mm, while for 

the stainless steel tube it reduced to 0.5 mm. 

  
a.  b.  

Figure 4 Simulation of the pilot waxing test (a). Geometrical 
settings and boundary conditions (b). Mesh setup of the 

numerical model 

To simulate the pilot test, the initial temperature of 

the wax was set as 85oC. The room temperature (i.e. 

environment temperature) and the initial 

temperature of the tube sample was set equal to 22  
oC. To simplify the heat transfer process between 

different materials, tie contact was assigned at the 

soil-wax, wax-tube and tube-soil interface. There 

was assumed no heat loss at those interfaces. Based 

on the temperature variation measured in the waxing 

test, a fitting exercise was followed to determine the 

value for the convection coefficient able to represent 

the experimental results. The best fitting was 

obtained for a value of 20W/(m ∙ K). As shown in 

Figure 5(a), the simulated temperature variation 

after waxing agrees well with the experimental 

results.  

Figure 5(b) presents the maximum temperature 

estimated along the centerline of the specimen. At 

the soil-wax interface, the temperature of soil 

reaches 48 oC. At the bottom of the sample, a 

maximum temperature of 30 oC is estimated, 

indicating that the whole tube sample is affected by 

the thermal effects. 



 

a. 

 

b. 

Figure 5 Simulation of the waxing test. (a) Evolution of 
temperature with time. (b) Maximum temperature at centerline 

(L=75mm) 

6. Parametric analysis 

Based on the calibration above, a parametric 

analysis was then performed in order to evaluate: (i) 

the influence of the amount of heat applied to the 

system, which is controlled by the height of the wax 

layer, and (ii) the thermal field generated in samples 

of different sizes. The setups for the simulations are 

shown in Figure 6, in which half of a full tube 

specimen is considered. 

In the first case, different heights of wax layer 

(namely 10mm, 30mm and 50mm) were 

numerically simulated to control the amount of heat 

applied to the system. Figure 7 shows the variation 

of the maximum temperature estimated along the 

centerline of the sample. As expected, with an 

increase in the heat input, the thermal gradient 

travels longer within the specimen. For the soil at the 

soil-wax interface, a maximum temperature of 48oC 

is observed. Under different heat input, the thermal 

disturbed zone ranges between 0.15 L and 0.25 L (L 

is the length of the tube), indicating that around half 

of the tube sample could be affected by the thermal 

loading if the thickness of wax layer is larger than 

30mm.  

a. 
 

b. 

Figure 6 Setup of parametric analyses (a) Model setup, (b) 

Generated thermal profile 

 
Figure 7 Parametric analysis: influence of heat input 

(L=700mm) 

In the second set of numerical simulations, the same 

volume of heat was applied to tube specimens of 

different diameters to evaluate the influence of 

sampler type on the thermal gradient generated by 

waxing. To control the amount of heat, the volume 



of the wax layer was maintained constant in all the 

simulations. The maximum temperature estimated at 

the centerline shown in Figure 8 indicates that for 

the same amount of heat input, sample diameter has 

limited effect on the thermal disturbed zones caused 

by wax sealing. Therefore, the influence of sampler 

type on the thermal disturbance is insignificant if the 

same heat is applied to the sample. 

 

 

Figure 8 Parametric analysis: influence of sampler type 

(L=700mm) 

7. Discussion 

The experimental results and the numerical 

simulations presented above have showed the 

evolution of the thermal gradient caused by waxing 

in tube specimens of soft soil. Although the 

evolution of the excess pore water pressure caused 

by the thermal loading in tube specimens is also a 

concern, this aspect was not accounted for in the 

numerical simulations described above.  

In practice, as the waxing process aims at preventing 

the moisture losses in the soil sample, it is  

reasonable to assume that undrained conditions 

prevail. Therefore, an excess pore pressure would be 

generated by the increase in temperature. 

Preliminary estimation of this pore pressure is 

performed here using Equation 6 [25]: 

Δ𝑢𝑤 =
𝑛Δ𝑇(𝛼𝑠𝑜𝑙𝑖𝑑 − 𝛼𝑤𝑎𝑡𝑒𝑟) + 𝛼𝑠𝑡Δ𝑇

𝑚𝑣

 (6) 

where 𝑛  is the soil porosity, 𝑚𝑣  is the volumetric 

compressibility of soil,  𝛼𝑠𝑜𝑙𝑖𝑑 , 𝛼𝑤𝑎𝑡𝑒𝑟 , and 𝛼𝑠𝑡  are 

the thermal expansion coefficients of soil particle, 

water and soil structure respectively. As suggested 

by Mitchel and Soga [25], the structural thermal 

expansion coefficient of the soil could be calculated 

given the plastic index (PI): 

𝛼𝑠𝑡 = 1 × 10−4𝑒−0.014𝑃𝐼 (7) 

Figure 9 shows the relationship between the excess 

pore water pressure and temperature obtained from 

Equations 6 and 7. Parameters listed in this figure 

were obtained from the characterization of Ballina 

clay described by Pineda et al. [13]. It can be seen 

that an increase in temperature cases a positive 

excess pore pressure of 0.46 kPa/oC. Therefore, at 

the soil-wax boundary, where a maximum 

temperature of 48oC has been produced (as shown in 

Figure 8), the excess pore pressure generated by 

waxing could reach 12 kPa. For a natural soft clay 

with values of undrained shear strength between 10-

15 kPa [13] an increase in excess pore pressure of 

that amount may cause the failure of the soil located 

closer to the heating source but also modifications in 

soil fabric (due to moisture redistribution) along the 

entire specimen. This aspect is currently under 

investigation at the University of Newcastle.  

 

Figure 9 Excess pore pressure vs. temperature variation 

8. Concluding remarks 

The thermal effects caused by waxing in soft soils 

has been preliminarily evaluated in this paper. The 

heat transfer process after waxing was simulated 

based on experimental data. Possible influence of 

waxing on sample mechanical properties was also 

discussed.  

The convection coefficient able to represent the 

thermal gradient caused by waxing in Ballina clay, 

found from back-analysis, was equal to 20W/(m ×
K) . Parametric analyses showed that half of the 

sample could be disturbed by waxing if the thickness 

of the wax layer is larger than 30mm, and the 

 



sampler with smaller diameter is more vulnerable to 

the thermal disturbance. Possible excess pore 

pressure generated by the thermal loading, as well as 

potential disturbance in soil properties were also 

discussed based on previous literature. Further study 

is required to quantify the extent of the thermal 

disturbance for an improved understanding of 

sample quality. 
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