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Abstract 

Volatile organic solids, such as cyclododecane or menthol, have been employed as temporary reinforcement material 
during archaeological excavations. They are usually applied as melts and reinforcement is achieved once the melts 
solidify. Such solidification process can induce internal stress on the artifacts, which can be a big concern, especially to 
those very precious and fragile ones. However, information about such stress is still extremely limited at present. This 
paper proposes an experimental method based on resistance strain gauge technique to monitor the deformation 
induced by solidification of menthol melt. Bending tests are performed on very thin glass slides. The solidification pro-
cess of menthol melt is well characterized by the development of mechanical strains. Then, menthol melts are applied 
to three kinds of simulated samples, i.e. glass, sandstone and rice paper, to investigate the mechanical response of 
preserved bodies upon solidification. It is found that menthol melt will generate certain amount expansion or con-
traction of the objects upon solidification. The stresses induced, evaluated according to obtained strains, are generally 
quite small, indicating that application of menthol as reinforcement material is safe in mechanics for cultural relics.
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Introduction
At archaeological excavation sites, on-site consolidation 
is an important and widely applied conservation tech-
nique. Inorganic materials such as plaster [1–5] as well 
as organic synthetic polymers such as polyurethanes 
[6–9], polyacrylates [10, 11] and epoxy resins [12, 13] 
are all used to consolidate cultural relics on-site. How-
ever, application of these materials are subjected to an 
obvious drawback that they are very difficult, sometimes 
even impossible, to be removed afterwards. This would 

bring some negative effects on following archaeological 
research and conservation work.

Recently, on-site temporary consolidation has attracted 
more and more attention due to its reversibility. Cyclo-
dodecane (CDD) [14–21] and menthol [22–25], also 
referred as “volatile binder media” [23, 24], are mostly 
used temporary consolidants. In typical applications, the 
material is melted and applied on the target cultural rel-
ics. And then, the consolidated relics can be transported 
safely to museums or laboratories, where the consoli-
dants can be completely removed easily via sublimation. 
Residue free is the most popular character of this tempo-
rary consolidation technique, since there is no consolida-
tion molecules left to interfere with future archaeological 
research and conservation work. Detailed application 
procedures are provided elsewhere in literature [16, 21, 
23].
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Internal stress can be induced by solidification of an 
organic melt due to factors such as volumetric shrinkage, 
thermal stress etc. [26, 27]. Internal stress is one of the 
most common reasons for material failures [27]. Thus, 
it arouses our attention and interest in investigating 
possible internal stress induced on the artifacts during 
temporary consolidation practice. Although successful 
applications of CDD and menthol as consolidant have 
demonstrated their safety to cultural heritages [14–25], 
vital information about the internal stress such as genera-
tion mechanism, magnitude and distribution, which can 
be interesting and helpful to conservators, is still unclear.

Internal stress is very difficult to observe, recognize 
and measure directly. Many indirect methods have been 
invented and developed to measure internal stress of 
different types and forms of materials [28–35]. Among 
these methods, resistance strain gauge [33–35] is a com-
monly used strain measurement device. Its working 
principle is that the electrical resistance of its metal part 
changes linearly with its deformation [36]. Resistance 
strain gauge method has been widely used in measuring 
the internal stress of railways [37], bridges [38], build-
ing constructions [39], reinforced concrete components 
[40] etc. Plenty of applications have shown that resistance 
strain gauge measurement is a fast, sensitive, accurate 
and reliable method. Meanwhile, the measurement does 
not change the original stress state of test objects.

In this paper, resistance strain gauge measurement 
method is introduced into the study of internal stress 
induced by solidification of menthol melts. Three dif-
ferent simulated samples, i.e. sandstone, glass and rice 
paper, are chosen to simulate the materials usually found 
in archaeological excavations. Information of such inter-
nal stresses about its generation mechanism, distribution 
and magnitude is revealed for the first time.

Experimental
Materials
l-menthol (99%, melting point 43  °C; see Fig.  1) is 
purchased from Aldrich Co., used as received. The 
substrates used for internal stress experiments are com-
mercial glass (glass I: 18 mm × 18 mm × 0.12 mm; glass 
II: 25  mm × 75  mm × 1  mm), sandstone from Yungang 
Grottos (size: 25 mm × 75 mm × 2 mm) and commercial 
rice paper (size: 25 mm × 75 mm × 0.01 mm). The Yun-
gang sandstone used has a porosity of 6.93% and median 
pore size of 505  nm based on MIP measurement. Pic-
tures of the substrates and MIP results can be found in 
the Additional file 1. 

Instrumentation
The elastic moduli of rice paper and sandstone were 
measured by an electronic universal testing machine 

(BZ2.5/TS1S Zwick/Roell, Germany). The elastic modu-
lus of glass was measured by a solid material dynamic 
elastic property tester (China Building Materials Test and 
Certification Group Co., Ltd. DST-III).

The strain was measured by a DH3818Y static stress 
tester (Jiangsu Donghua Testing Technology Co., 
China). The strain gauges used were model BE120-3AA 
(Jiangsu Donghua Testing Technology Co., China) with 
temperature self-compensation function, resistance of 
120.1 ± 0.2 Ω and gauge factor of 2.00–2.20.

As shown in Fig. 2, the strain gauge has layered struc-
ture, in which a sensitive grid made of thin metal foil 
(2.8  mm × 2.0  mm) is sandwiched between a so-called 
plastic film (6.4  mm × 3.5  mm) and a laminated film. 
Because the resistance of the grid is extremely sensitive to 
strain changes, very small strain changes, as low as to the 
order of  10−6, can be detected. Equation 1 describes the 
relation between strain changes and resistance changes 
of the metal coil. Based on Eq.  1, the changes in resist-
ance can be converted to the strain changes.

where R strain gauge original resistance in Ω (ohm); ∆R 
resistance change caused by elongation or compression 
in Ω (ohm); K gauge factor (2.00–2.20); ε strain.

Experiment setup
In this work, a static resistance stress–strain test setup 
is applied. As static resistance stress–strain test is very 
sensitive, the experiments are carried out in a separated 
room and precautions are taken to avoid possible out-
side disturbances. A quarter bridge circuit is employed 
for the testing. The strain gauge is self-compensated with 
temperature, which can reduce the influence of tempera-
ture on the resistance of the variable pieces. In order to 
prevent interference from other electrical appliances on 
site, shielded wires are used as connecting wires, and the 
lengths of all wires are kept the same as 30  cm long to 

(1)(�R)/R = K × ε

Fig. 1 Molecular structure of l-menthol
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reduce the influence of wire resistance. The strain gauges 
are carefully sealed to be waterproof and moisture-proof.

The whole gauge is firmly glued (ethyl α-cyanoacrylates 
glue) on the testing substrate to ensure that the deforma-
tion of substrate can be precisely measured by the sensi-
tive grid. Detailed setup is described below. Each strain 
gauge experiment is performed at least three times to 
guarantee the reproducibility. A fresh sample is used 
each time.

Model sample
Two strain gauges were glued to the top and bottom of 
a glass I sample. Because the electric resistance of strain 
gauge is affected by temperature, very thin glass substrate 
(0.12 mm in thickness) was used to minimize the strain 
difference due to temperature gradient across glass thick-
ness. Vertical plastic tape was wrapped around to build 

a sink to accommodate the melted menthol, as demon-
strated in Fig. 3. Then, 0.1, 0.5, 1, and 2 mL of menthol 
melts of 60 or 80  °C were cast on the samples respec-
tively. Strains were measured and recorded on site during 
the whole solidification process.

Simulated samples
The strains were measured for three different simulated 
materials. In each experiment, two strain gauges were 
glued at two positions. One position is where menthol 
melt is applied, and the other position is away from 
applying position.

Results and discussions
Static resistance stress–strain tests on model samples
Figure 4 provides the variation of strains and temperature 
with respect to operation time. It appears that the strain 
gauge on the top of glass I sample (where melted menthol 
is applied) provides negative values indicating compres-
sion. Meanwhile, the other strain gauge on the bottom of 
glass provides positive values which suggest tensile defor-
mation. It is known that solidification of menthol melt is 
accompanied by volumetric shrinkage [24], which leads 
to concave bending of the glass I sample in the present 
experiment. This bending results in compression and 
stretching, respectively, in the upper and lower portion 
of glass, in consistent with the measurements of strain 
gauges. Figure  4 also shows that the two strain curves 
provided by upper and bottom strain gauges are roughly 
symmetrical about the horizontal axis which indicates 
zero strain.

Combined with temperature curve, more informa-
tion can be read from Fig. 4. When menthol melt is just 
applied, i.e. before 500  s, low level strain noises were 

Fig. 2 The schematic of a strain gauge

Fig. 3 Schematic of strain tests on glass I sample
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observed due to thermal impacts. After that, from 500 to 
1000 s is an early stage of solidification. In this stage, tem-
perature decreases below the melting point of menthol 
and both compressive and tensile strains start to increase, 
indicating that the volumetric shrinkage of menthol 
upon solidification starts to lead to bending of glass sub-
strate. From 1000 s to about 2000 s is the steady stage of 
solidification. In this stage, temperature rises again due 
to exothermic solidification process. When the thermal 
balance is established between internal heat genera-
tion and diffusion to outside ambience, the temperature 
becomes stable, indicating a stable solidification stage. In 
this stage, the strains increase with nearly constant gradi-
ents, implying that menthol solidifies in a constant rate. 
Completion of solidification is found around 2000 s, from 
when the temperature drops again due to termination of 
exothermic solidification. At the same time, both strains 
reach peak values and then stop increasing. This verifies 
the completion of solidification from mechanical view, 
i.e. menthol stops to shrinkage and, therefore, is unable 
to cause further bending of glass. The period after 2000 s 
is a relaxation stage. In this stage, temperature gradually 
lowers down showing that no solidification reaction takes 
place. The strains decrease slightly, probably due to struc-
tural relaxation/rearrangement which is often observed 
in imperfectly crystallized polymers [41].

Figure  4 provides an important insight to the appli-
cation of menthol for temporary conservation. In real 

applications, although white waxy solid can be observed 
just a few minutes after menthol melt is applied, it is still 
difficult for people to tell whether solidification is com-
pleted. Our experiment shows that the solidification of 
menthol takes much long time than we expected and the 
solidification achieves peak mechanical strength in about 
2000 s. When melted menthol is applied in archaeologi-
cal excavations, enough time should be given to enable 
the menthol solidifies completely for a higher strength.

Figure  5a, b are prepared to discuss the impacts of 
menthol quantities and melt temperatures on solidifi-
cation, respectively. Figure  5a shows that application 
of more menthol leads to longer solidification time as 
well as higher strains. This indicates that stronger stress 
effects would be induced in applications of large quanti-
ties of menthol. Figure  5b illustrates that application of 
menthol melts of higher temperature would enhance the 
bending deformation of glass substrate and lead to larger 
strains.

Static resistance stress–strain tests on simulated samples
Previous studies have characterized the solidification 
process of menthol using a model sample. In this part 
we will focus on samples closer to real cases in conserva-
tion of cultural relics. Three simulated samples are inves-
tigated, i.e. glass II, Yungang sandstone and rice paper, 
representing rigid non-porous, rigid porous and soft 
materials, respectively. These are all common materials 

Fig. 4 Results of strain tests on glass I sample (2 mL 60 ℃ melt applied on an area of 18 mm × 18 mm; thickness is around 10 mm)
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encountered during excavations. The resistance strain 
gauges need to be glued on the samples firmly. Thus, 
for the convenience and practicality of the research 
work, non-aged simulated samples with relative strong 
mechanical strength are used. Based on the basic physi-
cal understanding of this phenomenon, the occurrence 
of inner stress should not be related to whether samples 

are aged or fragile. The outcomes of inner stress are 
closely related to the status of the samples. So, the results 
obtained should be applicable to aged or fragile artifacts 
as found in archaeological excavations.

As demonstrated in Figs. 6, 7 and 8, two strain gauges 
are pasted on one side of each sample. In order to inves-
tigate the comprehensive stress profile induced due 

Fig. 5 Results of strain tests on glass I samples with a different amounts of menthol melts, applied on areas of 18 mm × 18 mm; thicknesses are 
around 1 mm, 3 mm, 5 mm, 10 mm respectively; b 2 mL menthol melts of 60 or 80℃, applied on areas of 18 mm × 18 mm; thicknesses are around 
10 mm
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to menthol application, one gauge denoted by “O” is in 
the region where menthol melt is applied, the other one 
denoted by “A” is away from melt application. Precautions 
have been taken to prevent outflow of menthol melt.

The results on rigid non-porous glass II samples are 
shown in Fig.  6. The stain curves are divided into two 
regions. The first region, from 0 to about 400 s, is an inva-
lid phase as the signals are mainly induced by thermal 
impact of high temperature melts. After 400 s, increasing 
strain at position O is observed, indicating solidification 
of menthol melt. The negative values indicate compres-
sion, in consistent with model sample (glass I). The strain 
reaches maximum value at around 1000  s, much faster 
than it does in glass I sample. This is because in glass II 
case, the melt is cooled down much faster. After 1000 s, 
the strain starts to gradually decrease due to some degree 
of structural rearrangement before it stabilizes [41]. For 
position A, strain just oscillates in a small range around 
zero strain except the first invalid stage. It indicates that 
the stress in the region outside menthol application is 
basically unaffected by the solidification of menthol.

Yungang sandstone, representative of rigid porous 
material, is also investigated. In Fig.  7a, when menthol 
melt is applied on position O, strain at the O changes 
rapidly due to thermal impact. After that, when the 
melt starts to solidify, strain at position O switches 
quickly from negative to positive side, indicating that 

solidification of menthol melt finally leads to facial 
stretching of sandstone. This phenomenon may be attrib-
uted to the porous microstructure of sandstone. When 
applied, melted menthol might permeate into the porous 
sandstone. It is speculated that solidification of menthol 
inside the micro pores would generates expansion actions 
on the pore walls, resulting in stretching of sample. The 
strain of position A is around − 10, indicating weak com-
pressive stress. This is reasonable as the stretching of the 
small core area has to be balanced by the compression of 
surrounding area.

In order to verify the proposed mechanism above, 
two more sets of experiments are carried out on sand-
stones. As shown in Fig. 6b, four strain gauges, referred 
as 1 (top), 2 (top), 3 (bottom), and 4 (bottom), are glued 
on both sides of the sandstone. 2 mL of menthol melt is 
applied. It can be seen from the figure that both gauge 1 
and 2 provide positive values indicating tensile strain in 
the upper portion, while gauge 3 and 4 show negative 
values indicating compressive deformation in the lower 
portion.

In another test shown in Fig.  7c, much less menthol 
melt is applied. In this case, variation of strain is a bit 
similar to that applied on glass. The strain at position O 
is always negative. This suggests that the little menthol 
mainly solidifies on the surface of sandstone instead of 

Fig. 6 Results of strain tests on glass II sample (2 mL 60 ℃ menthol melt applied on an area of 18 mm × 18 mm; thickness is around 10 mm)
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Fig. 7 The strain produced by the solidification of menthol melt (60 ℃) on the Yungang sandstones. a 2 strain gauges setup (2 mL melt applied 
on an area of 18 mm × 18 mm, thickness is around 10 mm); b 4 strain gauges setup (2 mL melt applied on an area of 25 mm × 75 mm, thickness 
is around 2 mm); c 2 strain gauges setup (1 mL melt applied on a larger sandstone sample, applying area is about 60 mm in diameter and 1 mm in 
thickness)
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infiltrating into the pores due to fast cooling. The surface 
deformation is therefore contraction.

Rice paper, representative of soft material, is also 
tested, as seen in Fig. 8. As paper does not conduct heat 
well, thermal influence on the strain at position A is 
insignificant. It is seen that the strain at position O sta-
bilizes at −400µ , which is larger than that of glass II and 
sandstone. This is because paper is too soft to withstand 
the contraction of menthol. Unlike rigid samples, the 
strain at position A of rice paper is also compressive, the 
same as position O. It suggests that the contraction of the 
menthol area may lead to contraction in larger neighbor-
ing area in soft substrate.

Stress evaluations of solidification of menthol melts 
on simulated samples
The information revealed by the static resistance stress–
strain tests is the strain of certain media upon solidi-
fication of menthol melt. It is quite straight forward 
according to elastic constitutive that stress strain relation 
is:

The elastic modulus of glass II sample is acquired to 
be 71.52 GPa by dynamic elastic modulus measurement 
method. The elastic moduli of Yungang sandstone and 
rice paper are 3.08 and 1.12 GPa, which are acquired by 

(2)σ(stress) = E(ElasticModulus)× ε(strain).

compression or tensile method on a universal mechanical 
testing machine respectively. The maximum strain values 
of point O (position where menthol melt is applied) in 
each figure are chosen to calculate the stress. The internal 
stress induced by menthol melts on glass (Fig. 6), sand-
stone (Fig. 7a) and rice paper (Fig. 8) is calculated to be 
0.71, 0.11 and 0.39  MPa, respectively. Although these 
data might not be very accurate, the order of the magni-
tudes is acceptable. It shows that all the stresses are quite 
small. Application of menthol as temporary conservation 
material is safe to cultural heritages from mechanical 
viewpoint.

Conclusion
On-site temporary consolidation becomes more and 
more popular during archaeological excavations. Con-
solidation is achieved after consolidant melts solidify. 
Internal stress can be induced during solidification which 
arouses concerns of safety to heritages from material sci-
entists and conservators.

In this work, the internal stress generated by the solidi-
fication of menthol melt, is studied by resistance strain 
gauge method. The results show that small organic mol-
ecules, like menthol, will generate certain amount of 
stress on the objects upon solidification due to volumet-
ric shrinkage. The magnitudes of the strain and stress 
are affected by the amount and the temperature of melt 

Fig. 8 Results of strain tests on a rice paper (2 mL 60 ℃ menthol melt applied on an area of 18 mm × 18 mm; thickness is around 10 mm)
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applied. For very delicate relics, less and cooler melts 
should be considered in order to reduce stress.

Detailed studies on three different substrates further 
show that the nature of the stress is not always com-
pression. For porous objects, which are very commonly 
observed on an excavation sites, tensile stress may also 
occur. Meanwhile, the stress can be transmitted to 
neighboring areas other than the area where the melt 
is applied, especially in flexible objects. Thus, special 
attention should be given to relics like paper, fabrics 
etc.

Overall, such internal stress is generally quite small. 
On-site temporary consolidation using melted menthol 
is quite safe to fragile cultural heritages. For the past a 
few years, nearly 2000 pieces have been consolidated 
and extracted during excavations using menthol in 
China.
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