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Abstract

This research investigates the validity of the Schmidt hammer exposure dating (SHED) technique as a complemen-
tary means to date monuments according to the evaluation of the brick decay from masonry exposed to climatic
conditions. The degree of surface weathering, I, (%) is calculated as an indicator of the ageing effect and compared
to the absolute age of the churches constructed between 1600 and 1795. This paper discusses the results obtained
with such a method and the use of the technique within the framework of historical research. Tests were done on
exterior church walls built between the 17" and 19" centuries. All the churches were located within the limited
geographical area of Hainaut, in the south of Belgium. Results indicate that SHED provides encouraging results
for buildings constructed between 1790 and 1895, with a linear correlation (R*>0.8) between surface weathering
of brick facades and their ages. However, the weathering indices show high variability of values for the period
1750-1790, which may confirm that the variable qualities of bricks were in use during this period of time because
of the different production techniques. As such, the results highlight the probable influence of the entire manufac-

turing and construction process and technical improvements in traditional brick-making.
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1. Context and concept

Within the framework of architectural and historical stud-
ies, the relevance of dating techniques has been illustrated
through performance prediction of existing structures, as
well as by the selection of appropriate replacement mason-
ry units (Laefer er al., 2004). In addition, as far as the con-
servation of built heritage is concerned, building dating
helps specialists in the field of cultural heritage to justify
conservation or reconstruction measures with respect to the
historical and aesthetic values of a monument.

Built heritage is dated, whether absolutely or relatively,
by using historical sources, such as ancient maps and plans,
drawings, paintings and written records that testify to the
year of construction or transformation. The archaeology of
a building is also useful to confront results obtained from
historical studies and helps to better understand the mor-
phological transformations of a construction through time.
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Laboratory tests may also provide data regarding material
properties and compositions. Such characteristics, regard-
ing the type of material used and their specific character-
istics, may be related by specialists to a particular period
of time or region of production. Where ceramic materials
are concerned, these laboratory tests require samples that
can be analysed with expensive and sophisticated dating
tools, such as the thermoluminescence technique (TL),
the optically stimulated luminescence technique (OSL),
or radiocarbon and archaeomagnetic dating (Stella et al.,
2014). Such studies are always time-consuming and never
operated on-site, which also draws a barrier between the
archaeologists and scientists.

In this context, the primary motivation of this study was
to evaluate the validity of an innovative method for dating
monuments with low-tech, non-destructive instruments,
which are easy to handle, even for non-scientists. The sec-
ond objective was to estimate the correlation between the
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decay of a brick wall exposed to weathering and the date
of construction of the monument. Among the non-destruc-
tive tools used to assess the hardness of building materials
and the effect of climate on their resistance, the Schmidt
rebound hammer is one of a kind.

Initially used for concrete hardness characterisation,
the Schmidt hammer was, at its origin, employed for its
ability to quickly assess the strength of concrete through
the value of its mean rebound values. Since then, this
method has also been applied to rock and ceramic mate-
rials. Based on such a method, its use was soon diverted
to rock studies as a dating method known as Schmidt
hammer exposure dating (SHED). This method is based
on the principle that a rock surface which is uncovered
for longer periods of time is relatively softer compared
to a covered one. Since this hardness is measurable with
the hammer, it becomes possible to build a calibration
curve based on different measurements from stones of
known ages. Rock-surface hardness as an indication
of exposure has also been used in archaeological con-
texts, as it is non-destructive, designed for in situ testing
and has proven to be an extremely efficient technique
for field assessments (Betts and Latta, 2000). This field
of research is still being explored in geological stud-
ies in which the surface weathering of a rock outcrop
is widely used as an indicator of rock age (McCarroll,
1994; Shakesby et al., 2006; Sanjurjo et al., 2009; Stahl
et al.,2013; Matthews et al.,2016; Tomkins et al.,2016;
Tomkins et al., 2018). Research carried out by Tom-
kins et al, (Tomkins et al., 2016) indicates that gran-
ite weathers linearly over significant spatial scales for
regions with a similar climate. According to Shakesby
et al, (2006), the weathering rate declines slowly over
very long timescales, often exceeding 100,000 years.
Although these studies provide SHED calibration curves
that correlate with the degree of decay of a rock type
with its age, the time laps under the scope are measured
in kilo annum (ka). Therefore, the validity of SHED for
dating monuments is a central question to this research,
as very few studies have explored this domain. The use
of the Schmidt hammer for assessing the state of decay
of a material was discussed by Igbal (Igbal, 2016). She
proposed a new approach for quantifying the soiling and
dating exposure of limestone facades based on rebound
values, for time laps that do not exceed 30 years of
exposure to the environment. Her research showed that
the higher the level of contamination or soiling accu-
mulation, the lower the surface hardness. Similarly, the
results presented in this paper are based on the assump-
tion that historical brick masonry which is exposed to
climatic conditions for a longer period of time is likely
to be more weathered in comparison with the earlier
brick masonry.
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2. Historic Bricks

Bricks produced prior to the mid-20" century show high
variability in colour, geometry and mechanical properties
(Laefer et al., 2004) compared to the industrially made
ones. This results from the quality and variability of the
raw material, as well as the traditional techniques and
methods used for shaping and firing. In this paper, the tra-
ditional bricks which are studied are differentiated from the
industrial ones, as they are made by hand and differ by the
methods used for shaping and firing the raw material. Hand
moulding and pressing were in use for manufacturing fired-
clay bricks before mechanical extrusion appeared. The fir-
ing process also involved the use of a kiln type that saw
some technical improvements over time (Perez-Monserrat
et al., 2017). The firing technique influences the physi-
cal and chemical properties of the product, as well as its
weathering resistance to climatic conditions, as the firing
temperature is a major factor that influences the degree of
vitrification and the brick’s resistance to decay (Elert et al.,
2003; Cultrone et al., 2004). On this particular aspect, it is
well known that bricks fired at higher temperatures have
higher durability. A longer heating period will also ensure a
better-quality product.

Among the different types of kilns used to fire bricks,
the field kiln was the most primitive and popular, and was
used from the early ages until the 19" century. It was built
near the construction site for temporary use only. This
type of kiln is erected with raw bricks, stacked together
and covered with a layer of clay and grass. During firing,
the whole production is exposed to varying temperatures,
depending on the relative position of the bricks within
the kiln, which in turn affects the mechanical properties,
porosity and water absorption of the material. This was
proved by Laefer (Laefer, 2001 and Laefer, 2004) who
showed that the variability from a single firing exhibited
over a 100% strength difference between the strongest
and the weakest brick.

The downdraft kiln is a refined version of the updraft mod-
el (see below) for larger production (50,000—60,000 bricks)
and with better heat distribution. The flames surround the
bricks, allowing the heat directed upwards to go downwards
by means of flues placed under the kiln floor and connected
to a chimney. Although this technique was an evolution in the
brick-making process, it still gave a variable quality product
which could influence the durability of the material. The con-
tinuous draft model is made of chambers with multiple firing
places to allow the distribution of heat from one chamber to
another by flues. This model was widely used until the mid-
19™ century, as it reduced heat wastage. In 1858, Hoffman
and Hieut improved the chamber kiln into a series of continu-
ous chambers adjoined to each other in a circular form. Fir-
ing and cooling occur sequentially in the chambers, allowing
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the heat to be transferred from one chamber to the next for
preheating. From 1910, continuous chamber kilns quickly
became established in Europe, with 90 to 95% of all bricks
burned with this technique. Similarly, the modern tunnel kiln
invented in 1751 is based on the chamber kiln process. Here,
brick production is moved on tracks over three days through
a stationary heat source before cooling. The benefit of this
evolution is mass production and reduction in maintenance
costs. More details regarding kiln types, their history and per-
formances can be found in Hoehne (1910), Rhodes (1968),
Laefer (2001) and Laefer et al. (2004).

In the framework of this study, the author assumes
that the bricks used for the tests were fired by updraft and
downdraft kilns, as the churches used as case studies were
erected between 1600 and 1895. Therefore, it was expected
that the quality and properties of the bricks fired since the
mid-18" century until 1858 vary because of the joint pres-
ence of field kilns and tunnel kilns in the same area.

3. Methods

3.1 Schmidt hammer and rebound values

The Schmidt hammer is a low-cost tool that is easy to
handle, making it perfect for on-site inspections. Different
models exist depending on the type of materials and hard-
ness to be evaluated. Widely used for stone (Sachpazis et al.,
1990; Amaral et al., 1999; Yasar and Erdogan 2004; Aydin
and Basu 2005; and Fort et al., 2013), concrete, mortars
(Schueremans et al.,2011; Sanchez and Tarranza 2014) and
bricks (Brozovsky et al. 2008; Matysek and Latka 2012;
and Roknuzzaman et al., 2017), this tool is also considered
to be non-destructive in comparison with more destructive
tests which usually involv sampling. It can be seen that
past research which has made use of Schmidt hammers has
mostly been focused on establishing calibration curves that
correlate with the strength of the material and rebound val-
ues to provide a straightforward method to assess the qual-
ity of the brand-new products.

The principle of the Schmidt hammer test is based on
the absorption of part of the spring-released energy through
the plastic deformation of the material surface, while the
remaining elastic energy causes the actual rebound of
the hammer (Sharma et al., 2011). A rebound value, R, is
measured for each impact n of the hammer on a surface at
the same point, with n=1 to 10. It is also recommended to
select different points on a surface and calculate an average
rebound value for each impact. Weathering factors, such
as freeze and thaw, salts, pollution or biotic agents modify
the surface roughness of the brick and affect its durability
by progressively weakening and disintegrating its surface.
This process leads to superficial hardness reduction. Know-
ing that the Schmidt hammer is sensitive to surface rough-
ness (Aydin, 2009), researchers also found applications
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in geomorphological studies and rock-decay assessments
to show the existence of a link between the hardness of
the material and its degree of decay when exposed to cli-
mate agents (Day 1980; Pope et al.,2002; and Owen et al.,
2007) or biotic agents (Guglielmin et al.,2012). The use of
a Schmidt hammer for brick hardness comparison was also
highlighted by Debailleux (Debailleux, 2018) who showed
that repeated hammer impacts on the same point generated
increasing rebound values until the fifth impact. The results
also proved that there were no statistically significant differ-
ences between mean rebound values after the fifth impact
as the curves of the rebound values (R, progressively level
off. It can also be considered that the mean value of the
first rebound value, R, refers to the superficial hardness of
the outer skin of the brick, whereas the fifth rebound value,
Rsapproximates the hardness of the unweathered material.
This was also emphasized by Aydin (Aydin, 2009) in ear-
lier research carried out on rocks.

3.2 Weathering indices

Building stone weathering, and especially the degree of
damage and the rate at which it occurs, has been a matter
of research and discussion (Fort et al.,2013). In the field of
archaeometry, past research has been devoted to compar-
ing surface hardness values of building stones with their
exposure age (Betts and Latta 2000 and Fort ez al., 2013).

As early as 1965, tests carried out on intact and weath-
ered rock surfaces indicated that the reduced values of
surface hardness could be used as a weathering indicator
(De Puy, 1965). This also means that materials exposed to
weathering are more prone to decay compared to the non-
exposed materials, and this difference is noticeable through
the evaluation of the Schmidt rebound value.

Research conducted in the frame of geology and rock
mechanics suggests that stone decay is a linear process
(Shakesby et al., 2006 and Winkler, 2005), while others
contend that the deterioration rate is not constant (Sanjurjo
et al., 2009; Betts and Latta, 2000; and Fort ef al., 2013).
As far as ceramic materials are concerned, the dependen-
cy between surface hardness and decay with relative age
remains a relevant research domain, as comparable studies
that use Schmidt hammers do not exist.

With regards to rock-surface weathering, Matthews et al.
(2016) observed that the comparison between both the
first and fifth rebound values allows the decay of the mate-
rial to be quantified, as the difference between the mean
rebound values of the first to n™ impact on a surface can be
expressed as the percentage of the mean rebound values of
the n™ impact (R,). The result I, (%), called the material-
surface weathering index, is obtained from the equation:

Rn _Rl

/n(%)leO( jWith n=1-5

n
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3.3 Sampling procedure

Ten churches, built with traditional bricks between 1600
and 1895, listed as built monuments and precisely dated
by historical sources were chosen in a particular area of
Belgium (Figs. 1 and 2). These monuments have the advan-
tage of being mostly oriented, meaning that the altar usu-
ally faces east, whereas the main entrance faces west. This
repetitive orientation of the buildings facilitates compari-
sons between measurements done on facades. Fig. 3 illus-
trates three churches built in 1717, 1725 and 1856 that were
selected for the tests.

Schmidt hammer tests were done on each facade of
the buildings according to the points of the compass. For
each facade, depending on the building’s scale, at least 20
bricks were selected, all located in two different zones of
each facade. All tests were performed by the author with a

Fig 1. Map of Belgium and localisation of the region of Hainaut.
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Fig 2. Localisation of samples within the region of Hainaut.
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Schmidt hammer type LB held horizontally, perpendicular
to the brick surface during summer time (Tye., = 15.4°C;
RH = 69%). Each brick was successively impacted five
times at its centre, and for each impact done on each brick,
a rebound value R, was calculated for each facade.

4. Results and discussion

4.1 Rebound values

Table 1 provides the mean rebound values measured for
the first five impacts R, (with n=1-5) for each building and
each facade. No measurements were acquired for the west
facades of Churches 1 and 2, nor were they for the east
facade of Church 10, due to the occurrence of stone mason-
ry at these locations.

The plot of the mean Schmidt hammer rebound values R,
and Rs, built with all the measurements from the facades and
compared as a function of the construction dates is shown in
Fig.4.Theresults indicate that the mean R, rebound values are
within the range of 24.2 (Church 7, 1790) and 31.2 (Church
5, 1774), while the mean Rs values are within the range of
34.1 (Church 2, 1717) and 41.1 (Church 5, 1774). Although
the oldest monuments show the lowest R, values, the results
also show that the different R, values do not strictly increase
from the oldest building (Church 1) to more recent ones, at
least until 1790. From 1717 (Church 2) to 1774 (Church 5),
the mean first rebound value increases before dropping to
lower values. Considering the results of the whole dataset,
the hardness of the bricks is not corelated with the age of all
the monuments. This suggests that other parameters, such as
raw material quality and the manufacturing process, influ-
ence the conservation of the building material.

A clear correlation exists between R, and Rs values as
both the mean values fluctuate in the same proportion for
the time laps with a ratio of 127% (minimum, Church 10)
and 149% (maximum, Church 7). The mean R values for
all the buildings indicate that the material strength is not
higher for more recent products. On the contrary, bricks
used between 1769 (Church 4) and 1782 (Church 6) pres-
ent higher Rs values, which could indicate that these prod-
ucts are more resistant compared to the other samples.
Fig. 4 shows that hard bricks with high Rs values, such as
those tested on Church 5, also present higher R, values.
Therefore, there is a clear dependency between the material
strength and its resistance to weathering. In other words,
the hardness of the brick influences the degree of decay of
the material when it is exposed outdoors. The most ancient
bricks dated back to 1717 present lower R, rebound values,
which confirms that the oldest brick samples were more
weathered than the more recent ones.

Contrary to what could be expected, the Rsmean rebound
values did not linearly increase through time. Although the
Rsmean hardness values were relatively stable from 1790
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Table 1. Rebound values measured for the first five impacts, R, Table 1. Continued
(with n=1-5).
Samples Date Orientation Mean R values Mean Mean
Samples Date Orientation Mean R values Mean Mean R,(SD) R, (SD)

R(SD) R, (SD)

Church 7 1790 North 28 32 34 37 37

South 21 27 33 35 37 242 36.1

Church 1 1600 North 29 32 35 36 35 West 25 33 36 36 36 (3.1) (1.6)

South 23 30 35 34 34 250 34.4 East 23 29 33 36 34

West A A A A 5 )] (0.4) Church8 1840 North 24 31 33 34 36

East 24 29 32 33 32 South 22 29 32 35 36 255 36.9
Church2 1717 North 26 31 37 35 37 West 30 37 38 39 42 (3.2 (3.2)

South 25 29 32 33 32 248 34.1 East 26 32 35 34 34

West / / / / / (0.8) (2.5) Church 9 1856 North 24 31 34 36 34

East 24 28 29 33 33 South 27 31 33 36 35 263 35.1

West 25 29 31 31 34 (23) (1.6)
Church3 1725 North 29 34 37 37 39
East 29 35 35 36 37
South 28 32 35 36 39 263 371
Church 10 1895 North 31 34 36 38 38
West 24 30 33 34 34 (25 (2.3
South 29 32 35 35 37 296  37.7

East 2431 33 34 3% West 28 34 34 35 38 (L6)  (0.9)

Church 4 1769 North 27 34 38 38 39 East / / / / /

South 31 38 40 39 42
West 30 34 35 37 38 295 40.0

East 29 39 38 41 42 (17)  (1.8)

Church5 1774  North 32 38 40 42 43 Lé‘m
© 350
South 33 38 40 41 4 31.2 41.1 g I
Eso,o
West 31 37 40 41 41 (1.3) (1.7) c I.
S 250 &
East 30 36 38 38 39 |
20,0
Church 6 1782 North 28 34 37 40 40 1600 1631 1661 1692 1723 1753 1784 1814 1845 1876

Date of construction
South 28 35 39 40 41 27.3 39.6

——R5 =—0=—R1
West 25 31 35 35 36 (1.3) (2.7)

East 28 36 37 39 41 Fig 4. Mean Schmidt hammer rebound values R; and Rs as a function of
the construction dates. Uncertainty bars are shown.
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to 1895, extreme Rs values were measured for churches
between 1769 and 1790 (Fig. 4) which may indicate that
both the field and tunnel kilns were in use since the mid-
18™ century. All in all, the expected age-hardness relation-
ship was not observed for the whole dataset. Churches
built between 1790 and 1895 showed increasing R, values,
which indicate the effect of weathering on these samples,
while Rs values, representative of brick strength, tend to
stabilize, showing products of comparable strength.

4.2 Weathering indices

A plot of the weathering indices (Is) as a function of the
building dates is shown in Fig. 5. For better understanding,
the results have been grouped into four orientations, cor-
responding to four points of the compass (Table 2).

The results indicate that Is (%) values do not strictly
decrease from 1600 to 1895, which is coherent for the first
and fifth rebound values discussed in the previous section.
However, things are different for churches built after 1790.
Itis interesting to call to mind that these samples also present
increasing R; values. Variations of Is (%) values (Table 2)
are contained within a range of 0.31% (Church 6, South/
East) and 19.33% (Church 10, North/East).

Fig. 6 shows the relationship between Is (%) values with
the corresponding age of the construction. The dataset can
be divided into three groups (G1, G2 and G3) with specif-
ic observations. Group G1, constituted of Churches 1 to 3
(constructed between 1600 and 1725) shows rather constant
weathering indices for the whole period of time, although
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Fig 5. Weathering indices (+95% confidence intervals; n=30) as a func-
tion of the building dates and grouped into the orientations of the
compass.

only few buildings of this period were found. During a very
short period of time (1769—-1790), a variability of Is (%) val-
ues was observed for group G2 (Churches 4 to 6). Within
this period, the lower I5(%) values may correspond to better
products and bricks fired at higher temperatures. Logically,
bricks presenting higher weathering indices could be viewed
as potentially more altered because of poorer quality. Group
G3 concerns churches built since 1790, with Is(%) values
with decreased weathering indices over time.

For this group (G3), the equation of the best fit line
and the coefficient of determination (R?) are listed in
Table 3. A high coefficient of determination, up to 0.8,
was found for each orientation of fagade, except for
north—west fagades (R2 = 0.6). The best result, with the
maximum coefficient of determination, is obtained when
a mean value of Is (%) is calculated, based on all the
facades‘ measurements.

350
o
30,0 L 4
a
£ o [u]
= o .
50 G
B 25,0 = ool
f 0G2
o AG3
20,0
15,0

550 1600 1650 1700 1750 1800 1850 1900 1950

Year

Fig 6. Is(%) values with the corresponding age of the construction (G1, G2
and G3, see text).

Table 3. Coefficients of determination for each orientation of facade.

Orientation Formula R?
South/West Y =0.1872x+372.84 0.903
North/East Y =0.1903x+377.64 0.845
North/West Y = 0.0867x+185.35 0.637
South/East Y =0.0911x+192.27 0.863
Mean Y =0.1484x+299.76 0.948

Table 2. Weathering indices (Is) as a function of the building dates and specific orientations of the fagades (mean + 95% confidence interval; n=30).

Church1  Church2  Church3  Church4  Church5  Church6  Church7  Church8  Church9 Church 10

Date 1600 1717 1725 1769 1774 1782 1790 1840 1856 1895
South/West ~ 329+25 231436 288+0.1 229+13 225+09 309+09 36.0£3.0 283+25 248+09 224+14
. North/East 246+36 297409 294+22 30.0+02 257+06 31.0+05 27.9+17 289#%23 257%23 181#35
150 North/West ~ 17.8+0.5 30.8+4.2 26.8+0.9 259+27 259+06 29.6+03 285+19 31.0+13 282+09 207+2.0
South/East 322+04 245+11 314+13 273+12 223408 322+01 356+32 325+35 223+05 224+42
Mean 15 (%) 27.4+31 27.1+14 292+13 263+18 241+09 309+06 33.0+x29 309+22 252+14 214+15
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5. Conclusions

Fired clay bricks are well known to present non-heteroge-
neous structures, mainly influenced by the raw material,
the firing process and the long-time exposure to climatic
conditions.

The presented study was the first step to explore the
occurrence of a relationship between the degree of decay
of brick masonry and its age. A non-destructive tool able to
evaluate the harness of ancient bricks was used to compare
the results obtained from a sample of 10 churches, built
between 1600 and 1895.

Schmidt hammer tests were carried out on each facade
in order to measure the mean rebound values (R, with
n=1-5) for bricks. These tests refer to the resistance of the
surface to successive n impacts of the hammer on the brick
surface. Based on these results, for each facade, the weath-
ering index Is (%) was used to quantitatively evaluate the
degree of decay of the brick surfaces.

The tests indicate that the Schmidt hammer is efficient
for evaluating historical fired clay brick weathering, as the
rebound values measured for each successive impact were
significantly affected by the degree of decay of the material
exposed to climatic conditions for centuries.

However, the results illustrate that the first and fifth mean
rebound values do not decrease with the respective time of
construction for the whole dataset. This means that R, and
Rs values are not strictly correlated with the ages of con-
struction. Therefore, this research confirms that other fac-
tors, such as the quality of the raw material (composition
and homogeneity), the type of kiln used for firing, as well as
the parameters that define the process (brick locations within
the kiln, temperature, duration) play an important role in the
capacity of the material to resist decay when it is exposed to
identical climatic conditions.

The mean R;s values and mean R, values measured for the
whole data set vary in the same proportions, which indicates
that the first rebound measurement is a reliable indicator for
estimating brick quality. However, for the samples under
scope, the research also highlights that there is no relation-
ship between the quality of brick and its age. This also means
that older bricks can show higher hardness and higher com-
pressive strength, compared to recent samples.
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