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Abstract: This paper presents flexural strength, flexural modulus as well as the weight percentage of porosity in specimen by mixing two
kind of epoxy resins for Sikadur® 31 CF Normal and Sikadur® 52 TH. The ratio of mixed Sikadur 31-52 following by 100%-0%, 66%-33%,
50%-50%, 33%-66% and 0%-100%, respectively with 3, 6, and 9 days curing time. The aim of this project helps to choose the correct
proportions for renovating archeological structures, and especially in the reuniting process of broken statues. Epoxy curing specimen in
each rate for short periods as long as 3 days curing, demonstrated a large scatter especially for the mixture. This can be viewed as a sign
that the curing procedure is not yet progressing right and a longer time span like 9 days curing must be considered for a practically full
curing. Furthermore, the experiment was shown that the specimen which has a higher amount of Sikadur® 31 in mixing exhibited an
increased the strength and stiffness. The highest strength can be acquired with the 66% of Sikadur® 31 and 33% of Sikadur® 52. With this
mixture, it was shown 27% higher strength than pure 31 and 17% than pure 52 in 9 days curing time. Another thing that could be noticeable
from fracture surface is that pure Sikadur® 31 specimen has more porosity if compared to others. This is similar to the experimental
investigation.
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1. INTRODUCTION chipped items and sculpting/attaching replacement pieces,
updating colours (including silver, gold and patina),
Studying archaeological structures leads to deal with restoring antiquing or style of statue (Lenzi, 2004). To join

numerous scientific topics, as geology (Douglas et al., 2010), the different part of broken statues, metallic pins are used,
metallurgy (Hendrickson et al., 2018), civil engineering, allowing both the structure stability and a precise location of
chemistry (Pollard et al. 2007), or even fracture mechanism all of the parts to be reassemble (even in the case where
(Wan hill, 2003). In the Cambodian context, archaeological some of them are missing). To connect the metal and the

structures fared well and sustained little damage during the rock, a polymeric resin is used. At the workshop of the
two decades of war. Time and weather has done more Phnom Penh National Museum, a commercial Sikadur® 42
damage to archaeological structures than weapons or MP polymer is classically used, as well as other kind of
guerrillas. Fig trees, vines and jungle growth have Sikadur products such 31 CF and 52 TH, due to some issues
swallowed up several smaller temples and strangled larger for the 42 (potential unavailability in the local market, with

building, crushing and grinding the stones (Jessup et al., costs approximately sixth time as compared to Sikadur® 31
2006). CF and 52 TH). These two polymers have respectively a

Among the numerous task in the field of heritage higher and lower viscosity than the reference 42’s one as a
preservation and valorisation, restoring and reassembling consequence Sikadur® 31 is used to fill important spaces,

statues from scattered pieces on site or in several museums is while Sikadur® 52 TH is mainly used for small defects, as
an important challenge; such a task is performed with a wide cracks. As a consequence, the workshop has developed some
range of materials which include stone, ceramic, plaster, empirical Sikadur 31-52 mixture for new applications, as a
metal and resin. The repair includes broken, cracked, 42 substitute, but with no precise knowledge of the mixture
properties, especially mechanical.

Investigations by Khdir et al. (2018), to improve the
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percentage of brass debris added to epoxy resin but its
graded size should be also increased as well. Proving by
(Michels et al., 2016) an initial mixing of the resin
components under vacuum drastically reduces the porosity
ratio in the failure cross-section to approximately 0.5% for
curing procedures.

The objective of this paper is to characterize some
mechanical properties of Sikadur 31-52 mixture, as a first
step, to help the Museum workshop to design the more
adapted composition, depending on the application.

The used materials are first presented, as well as the
mechanical test used. Results are then presented and
discussed.

2. METHODOLOGY

Samples have been made with different rate 31 and 52
Sikadur polymers. Then, several mechanical test have been
performed to characterize their properties.

2.1 Materials
In the present study, two commercial epoxy adhesives,

namely Sikadur® 31 CF Normal and Sikadur® 52 TH, are
investigated.

Fig. 1. a) sikadur® 31 and 52; b) liquid component of
Sikadur® 52 and c) high viscosity of Sikadur® 31

Sikadur®-31 CF is a high-performance construction
adhesive epoxy, with a high viscosity. Sikadur®-52 TH is
liguid injection resin epoxy as shown in Fig. 1. Both of these
products are two-component thixotropic materials labelled
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part A and B. They are converted to solid state when ratio
mixing A/B=2 by weight or volume. These materials are
generally used for multiple jobs bonding such as steel,
motar, glass, wood and more.

2.2 Specimen preparation and curing configuration
Several 31-52 mixture were considered (table 1).

Table 1: Definition of mixture to be studied

Rate 31-52  100%- 66%- 50%- 33%- 100%-
(respectively) 0% 33% 50% 66% 0%
3dayscuring  Yes Yes Yes  Yes Yes

6 days curing  Yes Yes Yes  Yes Yes
9daycuring  Yes Yes Yes  Yes Yes

Specimens were prepared in a silicone mold in which the
mixed and pure commercial Sikadurs were filled in. Samples
had a parallelepipedic shape, with dimensions equal to
230x10x20 mm?® for length, thickness and width
(respectively) For each polymeric mixture and curing time,
five samples were prepared (See Figure 2.a and 2.b). After
drying, to remove roughness, samples were polished using a
10N GAMBIN machine, and their geometry was assessed
using a digital caliper (See Figure 2.c and 2.d) to verify their
dimension compared to the standard ASTM D790 specimen
(for three point bending test). The thickness t and width b
were measured at the top, middle and bottom section, as well
as total and span length of each sample were especially
focused on.

Fig. 2. a) weighing Sika-components, b) curing, c)
smoothening the surface, and d) final specimens



2.3 Mechanical characterization

Three point bending test was used to characterize the
mixtures properties. A support span-to-depth ratio of 16:1
shall be used unless there is reason to suspect that a larger
span-to-depth ratio may be required, as may be the case for
certain laminated materials. The specimen was deflected
until failure, which is initiaited at the outer surface of
sample, or until a maximum strain of 5.0 % was reached.
Two applied strain rate were used: 0.01 and 0.1 min?
(ASTM International, 2004).
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Fig. 3. Allowable range of loading and support radium, (a)
Minimum radius=3.2 mm. (b) Maximum radius supports
1.6x(sample depth); maximum radius of the upper
tool=4x(sample depth), (ASTM International, 2004)

The ASTM (D790-03) is followed in order to test the
flexural properties (Three-point bending). It is performed by
AG-Xplus series Autograph universal testing machine
(Figure 6) which is essential for wide variety of application
ranging from the quality control of everything from
materials.

2.4 Determination of mechanical properties

From three point bending test, several mechanical
properties might be deduced, following the sample
dimentions.

Flexural Stress (or) - If support span-to-depth ratios
greater than 16 to 1 are used so that deflections in excess of
10 % of the support span occurs, the stress in the outer
surface of the specimen for a simple beam can be reasonably
approximated by the following equation.

or = (3PL/2bd?*)[1 + 6(D/L)?

—4(d/1) (D/L)] (Eq. 1)
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where D represents the deflection of the centerline of the
specimen at the middle of the support span (mm), d
represents the depth of beam (mm), L the length between the
lower tools and P the applied load.

Flexural Strain (e5) — represents the nominal fractional
change in the length of an element of the outer surface of the
test specimen at mid-span, where the maximum strain
occurs. It may be calculated for any deflection by:

g = 6Dd /L* (Eq. 2)

The modulus of elasticity (Eg) - often called the “tangent
modulus of elasticity”; this is the ratio, within the elastic
limit, between the stress and the corresponding strain. It is
calculated by drawing a tangent to the steepest initial
straight-line portion of the load-deflection curve by using
Equation:

Ep = L’m/4bd? (Eq. 3)

where m is the slope of the tangent to the initial straight-line
portion of the load-deflection curve N/mm of deflection.

2.5 Determination of the sample porosities

R

Fig. 4. (a) keep specimens saturated, (b) weighting them on
electronic scale, (c) water immersed weighting, and (d)
drying the specimens by microwave

Due to the manufacturing process, and the important
viscosities, porosity is created in samples. To evaluate that
porosity, at different curing days, water immersed (W) and
the saturated surface dry (Wssa) weight have been measured.
Firstly, the specimens were immerged into water for 96
hours, until it reached the plateau in weight. Then, tissue was



used to dry the surface, so the saturated surface dried
specimens were able to weigh and then weigh them again
under water by RANGER-COUNT 2000 scale for water
immersed specimens. Last, samples were heated at 60 £ 5 °C
for 24 hours, till it reached the plateau in dry; the weight
(Wg) of the dried specimens is then measured (Figure 3).
Porosity is estimated by:

Wssd - Wd

pP=———-—
Wssd_Ww

X 100 (Eq. 4)

This method has been used to measure the porosity of
cement-based materials successfully (Day RL, 1988).

2.6 Test setup

The ASTM (D790-03) is followed in order to test the
flexural properties (Three-point bending). It is performed by
AG-Xplus series Autograph universal testing machine
(Figure 5) which is essential for wide variety of application
ranging from the quality control of everything from
materials.

Fig. 5. Three-point bending test operated on specimen by
AG-Xplus series Autograph universal testing machine

3. RESULTS AND DISCUSSION

Flexural strength and modulus (Fig. 6) show different
evolution depending on the drying time and sample
composition. For the result of flexural strength of Sikadur®
31 at 9 days curing time, Sika test is 35 MPa while the
experiment is approximately 27 MPa which it is considered
around 1.3 time lower than Sika test. With results of flexural
modulus from experiment, is measured at around 700 and
4000 MPa for the Sikadur® 52 and 31 (respectively), while
the Sika company indicates 1100 and 4300 MPa. The
comparision shows a bit different for Sikadur® 31 and is
around 1.5 time lower than Sika test for Sikadur® 52.
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Fig. 6. Combination of (a) flexural strength, (b) flexural
modulus with ratio mixed Sikadur® 31-52, respectively and
curing days with error bar and standard deviation (0-100
represent a pure Sikadur 52 sample).

An increase of the drying time increase the mechanical
properties. Further investigations must be conducted to have
a clear view on the variation of mechanical strength with the
mixtude composition; however, an important aspect is that
no degradation of the properties are triggerd by the mixing
process; furthermore, several improvement might be

observed, e.g., for the flexural strength.

Fig. 7. Fracture surface of ratio mixed Sikadur® 31-52, (a)
100%-0%, (b) 66%-33%, (c) 50%-50%, (d) 33%-66%, and
(e) 0%-100% (Respectively) with error bar and standard
deviation



1.40
1.20 110
1.00
0.80
0.60
0.40
0.20

0.91 085
I 0.62

50-50 33-66 0-100

0.00

Percentage of porosity in weight (%0)

100-0 66-33

Ratio of mixed Sikadur® 31-52 (%), respectively

Fig. 8. Percentage of porosity in weight diagram in ratio
mixed Sikadur® 31-52 (respectively) with 6 days curing
time with error bar and standard deviation
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Fig. 9. Percentage of porosity in weight diagram in ratio
mixed Sikadur® 31-52 (respectively) with 9 days curing
time with error bar and standard deviation

To be clear, the diagram as shown in (Figure 8 and 9),
determined by the (Equation 4) illustrated the weight
percentage of porosity inside each specimens from both pure
epoxy resin and mixture, following by (100-0, 66-33, 50-50,
33-66 and 0-100, in rate percentage of Sikadur® 31-52
respectively) with 6 and 9 days curing time.

The diagram showed that pure Sikadur® 31(100-0) has
a higher weight percentage of porosity that is similar to the
photo in (Figure 7), 1.22% and 1.49% in 6 and 9 days curing
time specimen (respectively), while the pure Sikadur® 52
(0-100) has the lowest porosity in 0.62% and 0.59%
compared to the specimen weight. Furthermore, other
noticeable thing is that it becomes obvious that porosity has
drastically increased when high initially applied the pure
Sikadur® 31 to each mixture and lower the porosity by
mixing a higher amount pure Sikadur® 52. However, it can
be estimated that absence of porosity, all the specimens in
each rate could much improve the strength especially for
pure Sikadur® 31 with the highest porosity.
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4. CONCLUSIONS

Based on the findings of the present investigation, the
following conclusions can be drawn:

e In daily use from National Museum of Cambodia, it is
possible to fabricate the mix of commercial Sikadur®
31 and 52 with higher flexural strength. From the
experiment, the higher Sikadur® 31 is added, the more
strength it is so that the best value of strength can be
obtained only with the 66% of Sikadur® 31 and 33% of
Sikadur® 52. What is more, it costs much lower than
other mixture as well as the pure Sikadur because
Sikadur® 52 is expensive than Sikadur® 31 in market.

e  Curing period of the specimen has great influence on the
kind of commercial Sikadur® 31 and 52. With the
increase of curing period, the ultimate strength, modulus
of elastic increase gradually.

e ltis noticeable that Sikadur® 31 with high viscosity, has
more porosity than others. In addition, the study showed
that increasing amount of Sikadur® 31 adding to others
could rise the porosity. Contrastingly, increasing the
Sikadur® 52 in mixture could lower the porosity.
For  further investigations, there are

recommendations:

Future research should investigate the extraction of

porosity in specimen by using vacuum machine and

make a comparison to SIKA Company or the study
relationship between the strength and porosity.

e Mechanical behavior (Young Modulus, Failure stress
under traction and compression), depending on the
mixing process (drying time, temperature)

e Forming properties (viscosity, shrinkage during the
drying process, adhesion to rocks and metals)

e Behavior under stress (creep, humidity influence,
thermal expansion coefficient, water absorption, ageing,
etc.).
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