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Abstract

The present work sheds light on the missing information of active soluble salts in CE-marked reused fired clay bricks and examines
the content and related challenges. The salt content in twenty and nineteen CE-marked, reused fired clay bricks from the two largest
suppliers in Denmark was examined, and the existing limited results from previous examinations of CE-marked fired clay bricks
and historical bricks were included to provide a more general picture. A systematic approach to measuring ion content at realistic,
relevant locations in bricks was used, yielding results for total ionic content (electrical conductivity and summed single-ion contents)
and for single ions (both anions and cations). To discuss the severity of the ionic content, the measured ionic contents were compared
with various approaches (ONORM B 3355-1, WTA Merkblatt 4-5-99/D, experience-based DK, experience-based B). Dependent on the
assessment approach, 16-45% of the CE-marked reused fired clay bricks had ionic content that was too high, ranging from just above
the limit to significantly higher. While a discussion of appropriate threshold values for CE-marked reused fired clay bricks is needed,
some of the bricks contained levels above all threshold values, indicating a problematic high salt content. This paper is a contribution
to the SWBSS2026 Conference.
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1 Introduction

The societal need to reduce consumption of raw mate-
rials and energy is urgent, and the potential for reuse of
construction materials is substantial. The highest envi-
ronmental impact is obtained when the use of new raw
materials and energy is avoided (R0-R2) according to
Potting et al. [1]. The second-best solution is to extend
the lifespan of products (R3-R7), and with the highest
environmental value in this group, R3, if the discarded
product is still in good condition and fulfills its original
function, it is "Reused by another consumer". This rare
possibility exists with fired clay bricks, a material with a
tradition of reuse.

A study on the status of reuse of fired clay bricks in [2]
revealed that while only 2% of the material was reused,
an additional 47% of the newly produced fired clay bricks
could be replaced with material already collected as brick
waste, neglecting challenges to reuse (Fig. 1).

Experience with the reuse of fired clay bricks is fre-
quent in the history of many countries, e.g. Hirschholm

Castle, Denmark, was left due to an invasion in the late
1771, considered renovated from 1772, but put on hold and
1810-1812 the main building was demolished for reuse
for the second Christiansborg (rebuild 1803-1828 after a
fire) [3], the national parliament.

The historical reuse of fired clay bricks occurred at
a different time and in a different context. In history,
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Fig. 1 Potential for reuse from waste in Denmark [2]
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construction materials were reused due to the high pro-
duction prices; today, the societal challenge is the over-
consumption of raw materials and energy.

Inhistorical times, documentation requirements were non-
existent, whereas today CE-marking is required. Although
CE-marked fired clay bricks are already available for pur-
chase, the only material descriptions for CE-marked reused
fired clay bricks are a minimum compressive strength of
15 N/mm?, a density of 1650 = 30% kg/m?, and an exposure
class description (related to durability classes). The exposure
class declaration is handled by producers, who each declare
all their products to the same exposure class [2]. This level of
information contrasts with product-specific material infor-
mation for newly produced fired clay bricks, including spe-
cific material values for the material properties:

1. compressive strength,

. density,

. initial rate of absorption,

. 24 hours of capillary water absorption,
. frost resistance,
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. content of active soluble salts.

To offer a real alternative to newly produced fired clay
bricks, reused fired clay bricks must be well-described as
similar to new fired clay bricks.

The material property, the content of active soluble salts,
is influenced by both the original raw materials and the
materials' exposure during their first lifetime, where they
may have been exposed to salt pollution, the most com-
mon pollution source in masonry. Such salts may originate
from many sources [4], and their presence is a standard
examination criterion for historical constructions, since
exposure to salt sources inevitably accumulates over time.
The oldest historical masonry constructions, churches,
having been exposed to many different salt sources for
centuries, more often than not suffer from the presence of
salt, and the search for a suitable desalination treatment
of the wall paintings [5] is urgent and has been ongoing
for many years, likely reflecting a frequent salt problem.
The development of salt-induced deterioration with time
was approached in [6], as originally used in reinforced
concrete by [7] (Fig. 2). New materials are expected to be
undamaged (¢ = 0), with time the material may be subjected
to salt exposure, the deterioration degree initiates, whereas
the following deterioration velocity depends on varying
factors (e.g. salt content, the number of damaging crystalli-
zation-dissolution cycles and material properties).

This material-dependent development is shown in
Fig. 3, which shows varying degrees of deterioration for
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Fig. 2 Degree of damage as a function of time, where the slope of the
dotted lines indicates the severity of degradation velocity, where a
greater slope accounts for faster deterioration. (Adapted from [7])
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Fig. 3 Visualization of varying deterioration degree within 1 year,

dependent on the specific material. (a) Overview picture, (b) from the
area within the red box 4" Nov. 2024, (c) from the same area one year
later (18" Nov. 2025).



the 3 different fired clay bricks under an assumed identical
weathering exposure, in an area where de-icing is used.

To avoid salt contamination in reused fired clay bricks,
site visits are conducted prior to demolition to exclude
areas with visible salt deposits and those at high risk of salt
contamination (e.g., lower areas of buildings suspected of
exposure to deicing salts) by the reuse suppliers.

However, previous, unsystematic examinations of his-
torical bricks [8] and CE-marked fired clay bricks revealed
that some of them had higher electrical conductivity than
in new materials [9]. Increased electrical conductivity,
although not showing specific ionic concentrations, is
associated with increased ionic content [10].

This work addresses the lack of information on the con-
tent of active soluble salts in reused CE-marked fired clay
bricks, examines current salt levels in selected reused fired
clay bricks, and related challenges.

2 Materials

Fired clay bricks from the largest suppliers in Denmark
of CE-marked reused fired clay bricks: Gamle Mursten,
Genbrugssten were examined, together with a typical con-
temporary fired clay brick also used in [11] (Table 1).

3 Methods

To determine the ionic content in the CE-marked fired
clay bricks, a 10 mm drill was used for sample extraction,
and powder was collected until a depth of 10 mm from the

stretcher side (25 mm from shiner, 20 mm from header
side) (Fig. 4).

Table 1 Overview of tested materials, all CE-marked

Number of examined

Supplier Reused/New materials
Gamle Mursten (GM) Reused 20
Genbrugssten (GS) Reused 19
Wienerberger New |

(type: bright red — BR")
* Used for elaboration of [11].

Fig. 4 Sampling position: 25 mm from shiner, 20 mm from header side
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Subsequently, the powder was dried to constant weight.
1.00 g dried powder sample was added to 12.5 mL of
demineralized water, agitated for 24 hours, and filtered
through 0.45 pm prior to measuring the anions with IC
(Dionex ISC1100, Column AS14) and cation contents with
ICP (Agilent 5800 ICP-OES).

4 Results

4.1 Assessment based on the total ion content approach
An overview of the present total ionic content was deter-
mined by measuring the electrical conductivity (Fig. 5).
As an example of the electrical conductivity in non-salt
contaminated fired clay bricks, the content in a newly pro-
duced fired clay brick (Table 1) was measured and added
as the lower expected value (black, dotted horizontal line
Figs. 5-10). A threshold value of 0.5 wt% in total (both
anions and cations) may be proposed based on [12], and
this limit is added as the red dotted line in Fig. 6 and Fig. 7,
termed the experience-based limit. The 0.5 wt% in total
is independent of the specific ion types, though it is influ-
enced by many ion types, as expected in historical con-
structions, which accumulate ions over time. In [13] an
electrical conductivity estimated to 600 pm/cm was found
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Fig. 5 Electrical conductivity measurements of two suppliers of CE-
marked reused fired clay bricks, ordered after increasing electrical

conductivity.
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Fig. 6 The ionic content in GM samples, separately, stacked for each of
the samples, ordered with increasing content. The dotted line indicates
the experience-based threshold value from [12].
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Fig. 7 The ionic content in GS samples, separately, stacked for each of
the samples, ordered with increasing content. The dotted line indicates
the experience-based threshold value from [12].

o
-
~

OOS
SN
|
|
|
|
|
|
|
|
|
|
|
|
|
|

*
Q
\ {
|

o

lonic content, [wt%)]
0o

o
o
[}
»

o
o

AAA
A G O -
o & e

ONORM safe = «= ONORM t00 high eseses New A GM & GS

Fig. 8 The chloride content, ONORM B 3355-1 threshold values along

with measured contents in new, GM and GS materials. Ordered after

increasing content.
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Fig. 9 The nitrate content, ONORM B 3355-1 threshold values along
with measured contents in new, GM and GS materials. Ordered after

increasing content.

to correspond to the experience based limiting value and
600 puS/cm is therefore added as a red dotted line in Fig. 5.
It is observed (Fig. 5) that both GM and GS each have
one sample (5%) with an electrical conductivity below the
value for a newly produced fired clay brick, and 5—6 bricks
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Fig. 10 The sulfate content, ONORM B 3355-1 threshold values along
with measured contents in new, GM and GS materials. Ordered after

increasing content.

above the experience-based limit (26-30% of the bricks).
The majority of the bricks (70-74%) had an electrical con-
ductivity below the experience-based limit. It is further
observed that the GS bricks in general had lower electrical
conductivity than GM.

To obtain a clearer picture of the ionic elements and
contents, the typical present anions Cl, NO,, and SO,,
and cations Ca, K, Mg, and Na were measured in all the
bricks, and are shown in Fig. 6 for the GM materials, and
in Fig. 7 for the GS materials. Further ion types were mea-
sured; however, their content was insignificant and there-
fore not shown. The results are shown as stacked contents
to enable comparison with the experience-based limit of
0.5% in total from [12].

The contents of Ca and SO, were dominating in both
GM and GS materials, and to visualize this, only these two
ionic contents are shown with a pattern in Fig. 6 and Fig. 7.
Up to 0.75 wt%, and 1.8 wt% Ca and SO, was measured,
this is also corresponding to an equal amount of moles for
Ca and SO,, make likely the presence of CaSO,.

The number of GM bricks (Fig. 6) and GS bricks
(Fig. 7) with total ionic contents above 0.5 wt% is 7 (35—
37%). For both GM and GS, the dominant ions are Ca
and SO,, but the fired clay bricks also contain relatively
minor amounts of Cl, NO,, Na, and K. The number of
fired clay bricks exceeding the experience-based thresh-
old value of 0.5 wt% is similar regardless of whether eval-
uated by electrical conductivity (Fig. 5), specific ionic
content (Fig. 6 and Fig. 7), for both GM and GS bricks.
Furthermore, there is complete overlap between specific
bricks, with contents exceeding the threshold value deter-
mined by ionic measurements of chloride, nitrate, and sul-
fate, summed to the total ionic content, and the measure-
ments by electrical conductivity.



4.2 Assessment based on single ion content approach
The standard ONORM B 3355-1 [14] provides guidelines
for assessing the severity of ionic content based on single
anion contents.

Within the intervals Chloride 0.03—0.1 wt%; Nitrate
0.05-0.15 wt%; Sulfate: 0.10-0.25 wt%, the severity is
subject to individual assessment, below regarded as a safe
content, above regarded as too high a content.

The contents in the GM and GS bricks are shown
for each of the anions Chloride, Nitrate, and Sulfate in
Figs. 8-10, respectively, together with the content in a
newly produced brick (Table 1), and the limiting values in
the ONORM B 3355-1.

Regarding chloride content, 6 GM (30%) and 3 GS
(14%) were between safe and too high content, and 4 GM
(20%) and 3 GS (14%) had too high levels (Fig. 8).

The nitrate content was between safe and too high con-
tent for 5 GM (25%) and 3 GS (14%), whereas 1 GM (5%)
and 5 GS (25%) had too high a content (Fig. 9).

For sulfate content, 9 GM (45%) and 1 GS (5%) had lev-
els between safe and too high, while for both GM and GS,
a too high level was found in 5 bricks (25%—-26%) (Fig. 10).

Considering the limiting values for all anions (chlo-
ride, nitrate, and sulfate), meaning a too high content in
at least one of the anion contents, it is found that in total
8 GM (40%) and 9 GS (47%) have ionic contents consid-
ered as too high.

It is observed that a higher number of bricks have ionic
contents that exceed the ONORM B 3355-1 limiting values
for evaluation of each anion content (chloride, nitrate, and
sulfate), exceeding the experience-based limit of 0.5 wt%
in total. When studying the specific bricks and comparing
them against these two criteria, it is seen that, beyond a
variation in the number of bricks exceeding the threshold
value, there is only partial overlap in the specific bricks
exceeding the threshold value between the two methods.

5 Discussion

To evaluate the severity of the present ionic contents, sev-
eral factors will influence the outcome: sampling depth
and evaluation criteria.

Presently, there is no guidance on how to extract drilling
samples before determining ionic content. It is, however,
well-known that salt accumulates towards the surface [15]
during evaporation. Therefore, reducing the sample
extraction depth from the exposed surface will yield
higher concentrations. Meaning extractions from 0—-2 mm
are expected to result in higher contents than 0—20 mm,
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and therefore the sampling depth of 0—10 mm was deliber-
ately chosen to obtain a reasonable reflection of the general
degree of salt content in the whole fired clay brick.
Likewise, it should also be noted that the exact mea-
sured values shown in Figs. 5-10, and the severity of the
present ions, can only be compared with the results based
on samples with a similar extraction depth of 0—10 mm.
In addition, the sampling position of 25 mm from shiner
and 20 mm from header was deliberately chosen:
1. for all the samples to eliminate the influence from
different positions
2. as a location with similar evaporation to all surfaces,
and with a relatively higher expected content as of
compared to the interior of the brick, to examine for
existence of ion contents may be problematic in the
materials.

Beyond ONORM B 3355-1 [14], WTA Merkblatt 4-5-
99/D [16] also uses single anion threshold values for
chloride, nitrate, and sulfate, although the threshold val-
ues are slightly higher (above safe and below too high,
chloride: 0.05-0.2 wt% instead of 0.03—0.1 wt%; nitrate
0.1-0.3 wt% instead of 0.05-0.15 wt%, and sulfate: 0.2—
0.5 wt% instead of 0.10-0.25 wt%). The challenge with
the single-ion approach in general is that ions rarely exist
alone [17], that the presence of multiple ion types influ-
ences each other, and that ion mixtures deviate signifi-
cantly from the behavior of single ions [18].

To work around these single-ion-induced challenges, [12]
was used as an experience-based approach, derived from
measuring ionic content on damaged and undamaged fired
clay bricks in a church vault (3 bricks, sampling depth:
0-20 mm), where the undamaged brick had less than
0.5 wt% total ionic content.

In Belgium, a total content of 1 wt% is used as the
threshold value. Although this was discussed during the
presentation by Rorig-Dalgaard [19], no official documen-
tation has been found about this value, which was men-
tioned by De Kock [20] during the session.

It should, however, also be kept in mind that higher
ionic contents will result in faster deterioration (Fig. 2),
and selecting a threshold value should be considered guid-
ance for defining acceptable ionic values that result in
acceptable deterioration degrees. Further, ionic contents
that significantly exceed the threshold values result in a
greater deterioration rate (a steeper slope, Fig. 2).

While there may be a pending need for a discussion of
appropriate threshold values to interpret measured ionic
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contents, it should be emphasized that the damaging
potential also depends on the material strength, pore-fill-
ing degree, and ion mixtures (crystallization pressure on
the pore wall) [21]. This, however, is not the focus of the
present work; instead, discrepancies are noted, and exist-
ing threshold values are used.

Producers of reused fired clay bricks are aware of the
potential for salt pollution, especially from deicing (mainly
with NaCl). Therefore, lower areas of the buildings may be
deselected for reuse. This awareness appears to be quite
consistent, as only 3 GM (15%) and 1 GS (5%) exceed the
ONORM threshold value for chloride. In contrast, 1 GM
(5%) and 4 GS (21%) exceed the ONORM B 3355-1 thresh-
old value for nitrate, though none exceed the WTA limit-
ing value for nitrate. However, the most challenging ion
to detect is apparently sulfate, even with the less strict
WTA limiting value, 4 GM (20%) and 3 GS (16%) bricks,
respectively, exceed acceptable limits. Traditionally, chlo-
rides and nitrates are commonly present in construction
materials [22]. The dominant factors of Ca and SO, may
result from the focus on the effects of de-icing salts and on
avoiding the reuse of fired clay bricks from these areas.

To further complicate the matter, the deselection of
areas in existing constructions is highly dependent on
the evaluator's actual experience. Also, it is challenging
to detect fired clay bricks with salt present as non-visible
sub-efflorescence and decide to what height (and/or how
large areas) are to be discharged when the visible salt con-
centration is continuously decreasing with increasing dis-
tance from the ground, as e.g., in Fig. 11.

Fig. 11 Lower part of exterior wall, Oviedo, Asturias, Spain.
Continuously decreasing visible salt efflorescence with increasing height.

While this study aimed to shed light on possible ionic
content in reused fired clay bricks, the examination of 20
and 19 randomly selected CE-marked bricks from the two
largest suppliers in Denmark cannot be considered a com-
plete mapping, nor representative. However, to improve
representation, the Danish suppliers of reused fired clay
bricks, "Nordsten" and "Munkesten", of which "Nordsten"
supplies CE-marked bricks, were contacted but they were
apparently not interested in providing materials.

The observed variation in ionic content in GM and GS
in this study, from below all threshold values to beyond
two existing threshold values, was also reported in [23],
where a fraction of the bricks distributed throughout the
vault exhibited the same variation, not limited to a specific
area. Further, these varying ionic contents were measured
in purchased reused CE-marked fired clay bricks in [9].
A likely general tendency caused by ionic exposure from
many different sources [5] and varying material proper-
ties [24]. Historically, fired clay bricks, produced before
1960 (prior to the use of a tunnel kiln), were fired in-ho-
mogeneously throughout the batch, resulting in materials
with significantly different material properties (exempli-
fied in Fig. 3) [24] (most relevant in this regard: pore size
distribution and porosity), resulting in significantly differ-
ent water transport properties, and thereby significantly
different ionic accumulations and contents.

Inaddition to the various limiting values for existing con-
structions (ONORM B 3355-1 [14] and WTA Merkblatt 4-5-
99/D [16]) and experience-based limiting values [12, 19],
requirements for new fired clay bricks are: SO (No limit
specified), S1 (Na + K < 0.17 wt%; Mg < 0.08 wt%),
S2 (Na + K £0.06 wt%; Mg < 0.03 wt%) [25].

Depending on the evaluation approach used, a vari-
able number of bricks (i.e., a percentage of bricks) have
ionic contents that are too high (Table 2), as compared to
ONORM B3355-1 [14], WTA Merkblatt 4-5-99/D [16], and
CEN EN 771-1:2011 [25].

Table 2 Percentage of bricks with too high ionic content based on
different evaluation approaches ONORM [14], WTA [16] and
CEN EN 771-1:2011 [25]

Evaluation approach GM GS
ONORM 40% 47%
WTA 25% 16%
Experience-based, 0.5 wt% 35% 37%
Experience-based, 1 wt% 20% 16%
CEN EN 771-1:2011, SO 0% 0%
CEN EN 771-1:2011, S1 0% 0%
CEN EN 771-1:2011, S2 35% 26%




Comparing the results based on electrical conductivity
and total ionic content, there is complete overlap in the
bricks to be opted out (Figs. 5—7). This general connection
between increased total ionic content and increased elec-
trical conductivity is consistent with the findings in [10].

It is, however, to be noted that no limits are given for
Ca (nor the anions, including SO,, and contents of these
are not accounted for) in CEN EN 771-1:2011 [25]. Sulfate
salts are, in general, considered the most damaging, and
therefore, using the threshold values in CEN EN 771-
1:2011 is inappropriate for reused fired clay bricks.

The presence of polluting sources in construction mate-
rials intended for reuse after their first lifetime is not sur-
prising and must be considered a general challenge across
construction materials. Therefore, the presence of salts in
reused fired clay brick is not a dealbreaker but an issue
to be accounted for. The future task instead is to ensure
a good quality of reused fired clay bricks, and since the
existence of salts in considerable amounts and frequency,
there is a need for a fast salt detection method, to enable a
scan of every single material, to sort out materials with too
high ionic content (too poor quality).

6 Conclusions

The need to reduce raw materials and energy consump-
tion is urgent, and the demand for housing is fundamental.
To partially accommodate this demand, the potential for
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