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Abstract

This study presents sulfur content and speciation analysis results for five concrete block samples
recovered from homes in Donegal County, Ireland that show significant deterioration. The material
testing comprises total sulfur analysis, gravimetric analysis, and wavelength-dispersive X-ray
fluorescence (WD-XRF) testing of the block material and coarse aggregates recovered through acid
washing. The total sulfur of the blocks ranged from 0.73% to 0.99% by weight of concrete, significantly
exceeding the baseline total sulfur derived from cement and indicating the presence of iron sulfide
minerals in the aggregate. This was confirmed by the WD-XRF analysis, which indicated that 100% of
the sulfur in the coarse aggregate was in the form of sulfide, while up to 82% of the total sulfur in the
blocks was in the form of sulfide. Gravimetric analysis validated the findings of the WD-XRF method for
two samples.

Keywords: blocks, deterioration, WDXRF, iron sulfide, sulfate

1. INTRODUCTION

Concrete blocks are extensively utilized in the construction of residential buildings in the Republic of
Ireland. These houses typically feature concrete walls consisting of an outer layer of concrete blocks
covered with a plaster render for protection, an inner layer, and insulation in between. Since the late
1990s, homes constructed in western and northwestern Ireland using this method have increasingly
experienced cracking issues, ranging from cracks running perpendicular to the block and render surface
to complete disintegration and loss of structural integrity.

In 2016, the Irish government established a panel to investigate this issue. An initial review concluded
that the damage was likely caused by elevated levels of muscovite mica in the aggregates used to build
the blocks, making them susceptible to frost damage and damage from wetting-drying cycles caused by
weather fluctuations 0. In 2022, the Irish government introduced a €3 billion grant program to aid
homeowners, which requires an engineering assessment using the National Standards Authority of
Ireland (NSAI) document I.S. 465:2018 + A1:2020 (referred to as |.S. 465) [2]. This assessment includes
a damage report based on petrographic analysis of concrete samples. Assessment of 1,709 concrete
block samples in County Donegal showed the presence of both mica and iron sulfides, predominantly
pyrrhorite [3]. The oxidation of iron sulfides, in combination with internal sulfate attack, can lead to severe
concrete deterioration, as has been observed in the concrete foundations of thousands of homes in the
Trois Riviéres region in Canada [4] and in Connecticut and Massachusetts in the United States [5,6].

Identifying the damage mechanism in the Irish concrete blocks is crucial to design successful
remediation programs that ensure long term success and cost-effectiveness based on a robust risk
assessment framework. Brough et al. [3] define risk groups based on the presence and relative
concentrations of mica and iron sulfides; however, there is insufficient understanding of the contribution
of each group to concrete deterioration. Accordingly, an interlaboratory study was initiated to analyze
concrete blocks for sulfur content and speciation, with the goal of evaluating the contribution to the
degradation of the concrete blocks.
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2. MATERIALS AND METHODS

21 Materials and sample preparation

Concrete samples were obtained from four residences in County Donegal. These dwellings exhibited
clear signs of structural distress commonly associated with defective concrete blocks, characterized by
distinct pattern-cracking on their exterior walls. Samples included individual blocks and core specimens,
extracted from various structural elements including the outer walls, inner walls, and foundation footings.
The dimensions of the blocks were 215 x 127 x 100 mm?, a size commonly referred to as a "4-inch
block." Figure 2.1 shows the samples employed in this study, along with their corresponding labels.

MV 1C MV 2E GD 1E GD 3G
(Interior wall) (Exterior wall) (Interior wall) AW 1B (Exterior wall)
(Interior wall)

Figure 2.1: Block samples and identification

Subsamples of each block were then dry cut and pulverized to pass the U.S. #60 sieve (250 um) for
further analysis. Coarse aggregates were separated from the concrete matrix using an acid washing
method, combining 30g of smaller fractured pieces of the block matrix in a beaker with 375 mL of a 10%
hydrochloric acid solution (1.21M) and stirring of the suspension at room temperature for 20 hours. The
aggregates were separated from the suspension by collecting the pieces and discarding the
supernatant. The collected particles were washed in distilled water and then air-dried for at least 24h.
The percentage mass recovery varied across samples, ranging from 48% for AW 1B, 63% for MV 1C,
65% for MV 2E, to 69% for GD 1E and GD 3G. Afterward, separate samples of the block matrix and
aggregates were crushed for more detailed analysis.

2.2 Analysis methods

A LECO Elemental Analyzer, model S832, and Cornerstone analysis software were utilized in
conjunction with a high-efficiency combustion method to determine the total sulfur content of powdered
samples. These analyses were executed in a pure oxygen atmosphere at a temperature of 1450°C, with
combustion durations ranging from 120 to 360 seconds. To expedite the combustion process, a Com-
Cat Accelerator (502-321) was mixed with the powdered sample. The method's precision and accuracy
were evaluated by employing LECO standards 502-964 In 1000 and 502-914 In 1002, both of which
have certified standard deviations of 0.014 and 0.02, respectively.

Pellets for Wavelength Dispersive X-ray Fluorescence (WD-XRF) analysis were prepared by mixing the
No. 60 (250 um opening) passed material at 9:1 ratio with a binding agent (XRF Multi-Mix PXR-200)
using a resonant acoustic mixer (RAM) at 60 percent intensity for 120 seconds. The homogenized
mixture was pressed into 31 mm diameters pellets at 10 tons for 30 seconds using a SPEX automatic
hydraulic press (X-3636). Prepared pellets were analyzed using a Bruker S8 TIGER Series 2 WDXRF
spectrometer. An end-window X-ray tube with Rh-anode was adjusted to a voltage of 30 kV and a current
of 135 mA. The XS-GE-C analyzer crystal was employed as a monochromator.

Gravimetric analysis was performed to determine the sulfate concentration independently from the WD-
XRF method and to validate the results. The analysis followed the procedure outlined in TM 5-822-
14/AFJMAN 32-1019 by the U.S. Army and Air Force [7]. 10g of the material were weighed and oven-
dried at 100°C for an hour, combined with concentrated HCI and deionized water, and boiled for 90
minutes. The suspension was filtered using a Whatman No. 40 filter and rinsed with hot deionized water.
Afterward, MgClz was added to the filtrate until no further precipitation occurred. The suspension was
filtered again using a Whatman No. 42 filter and rinsed. The filtrate was heated near boiling, and BaClz
was slowly added until no more precipitate formed, then left to stand overnight at 40°C. After a final
filtration with No. 42 filter, the recovered residue was washed with hot water and ignited at 600°C for 60
min. The residue was weighed as BaSOs, and the percentage of sulfate was calculated based on the
weight of the residue and the weight of the oven-dried sample using equations (1) and (2).
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32.06-2=5

mol -
g BaS0O4 x W— g of S as sulfate (1)

fS Ifat
% Mass S as sulfate = ——5° 2252« 10 (2)
weight of sample after drying (g)

3. RESULTS

3.1 Total sulfur

The total sulfur (ST) analysis results for the five samples including the original concrete blocks and the
aggregates recovered with acid washing are shown in Figure 3.1. The average ST of the concrete
samples ranges from 0.73% to 0.99%. The ST of concrete with sulfur-free aggregates may be calculated
on the basis of its mix design. Typical parameters for a concrete foundation mix design are 340 kg/m?3
of portland cement with SO3 content of 2.8%, water-to-cement ratio of 0.55 and 6% air. Based on these
assumptions, the baseline ST content of “clean concrete” is 0.17 wt.%. For concrete blocks investigated
here, the cement content may be as low as 110 kg/m? with SO3 content of up to 3.5% [8], which would
correspond to a baseline ST content of 0.06 wt.%, all other parameters being equal.

The measured concentrations in the blocks (0.73% to 0.99%) are thus significantly higher compared to
the range of values estimated for clean concrete, indicating the presence of sulfide-bearing aggregates.
The average ST of the coarse aggregates recovered via acid washing ranged from 0.44% to 1.35% per
weight; all except MV-1C have a total sulfur content lower than the original concrete block material. This
indicates that the sulfur concentration in the matrix is higher than in the aggregates at time of testing. In
addition, the results of the aggregate samples show greater homogeneity, as evidenced by their lower
standard deviation (max. SD=0.02) when compared to the blocks (max. SD=0.07).

OBlock @Aggregate

E3

MV- AW-1B GD-3G

Figure 3.1: Average total sulfur based on triplicate measurements in the five samples in the original
block and the aggregate recovered with acid washing.

The sulfur content of the matrix (Swy), which was not measured using the hydrochloric acid bath method,
can then be calculated as:

My My _
which turns into S, = Z—; Sg—S84)+ S, (4)

where Z—‘; is the proportion by weight of aggregate in the block, Z—"; the proportion of the matrix in the

block and Sy, S4, Sp the total sulfur content of the matrix, aggregate and block, respectively. Translating
the cement contents of 110 to 340 kg/m3 mentioned previously to weight percentage, x—’: ranges from

4.6% to 14.1%, assuming a 0.55 water-to-cement ratio. Table 3.1 shows the calculated ST of the matrix
resulting from equation (4) using the theoretical I;—M values and the measured S, Sg.
B
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Table 3.1: Total sulfur of blocks and aggregates based on experimental testing and theoretical
calculations using assumed mix design for the concrete blocks.

Measured ST (wt.%) ST of matrix calculated (wt.%) ST of aggregate calc.(wt.%)
Block Aggregate 110 kg/m3 340 kg/m3 110 kg/m3 340 kg/m3
SB meas SA meas SM calc SM calc SA calc SA calc

MV-1CB 0.82 1.35 n.d. n.d. 0.82 0.84
MV-2EB 0.90 0.53 8.63 3.15 0.90 0.93
GD-1EB 0.75 0.67 2.42 1.24 0.74 0.75
AW-1BB 0.99 0.79 5.17 2.21 0.99 1.03
GD-3GB 0.73 0.44 6.79 2.49 0.72 0.73

Hydrated portland cement with SO3 content of 2.8% or 3.5%, and at a w/c ratio of 0.55, has a total S
content of 0.72% and 0.90%, respectively. The calculated S,, for four samples is significantly higher for
the entire range of cement content considered in the calculations. Given that the measured S, only
captures the coarse aggregate recovered through the acid washing process, it follows that the Sy,
content must include both sulfur derived from fine aggregate and sulfur leached from the coarse
aggregate into the matrix. Thus, the “true” S, ., Of the aggregate used to produce the concrete blocks
is higher than the measured values shown in Table 3.1. Using Equation (3) and a theoretical S,; of 0.72%
or 0.90%, it follows that the S, .4 required to produce the measured Si ,.4svValues is much closer to the
measured values for the block, as shown in Table 3.1. In other words, the measured ST values in the
blocks are a good proxy for the original ST in the aggregate used to manufacture those.

3.2  Sulfur speciation

The developed WD-XRF method proposed by Santos et al. [9] was used to quantify the sulfate and
sulfide species in the samples using the characteristic X-ray intensities of SK,, SKz and SKp, that yield

the relative concentration of each species to the total sulfur. The sulfate weight percentage (S°*) is then

calculated multiplying the sulfate ratio (SSL;) by the average total sulfur content (ST) and sulfide (S?7) as
the difference. The sulfide concentration may be translated to pyrrhotite (or other sulfide mineral) when
the presence is confirmed via complementary methods (X-ray diffraction, petrographic analysis).

Table 3.2: Average sulfate and sulfide concentrations using WD-XRF method by Santos et al. [9].

Sample ID Location SOF(wt. %) S§2=(wt. %)
(sulfate) (Sulfide)

Concrete MV-1C interior 0.17 0.64
Block MV-2E exterior 0.14 0.76
GD-1E interior 0.12 0.63

AW-1B interior 0.17 0.82

GD-3G exterior 0.24 0.48

Separated MV-1C interior 0.00 1.35
Aggregate MV-2E exterior 0.00 0.53
GD-1E interior 0.00 0.67

AW-1B interior 0.00 0.79

GD-3G exterior 0.00 0.44

Based on the data presented in Table 3.2, the coarse aggregates contain only sulfide and no sulfate,
while the concrete blocks contain both sulfur oxidation states. The blocks contain sulfide as part of the
sulfide-bearing aggregates, and sulfate which originates from the gypsum in the cement and potentially
also from the release of sulfate during the oxidation of pyrrhotite. Leeman et al. [8] reported a range of
sulfide concentrations between 0.37 and 0.71% in eleven concrete block samples from the same region,
with most samples in the 0.4-0.6% range; the method of sulfide analysis was DIN EN 196-2:2013 in that
study [10].

To validate the results obtained, gravimetric analyses were conducted on block samples MV-1C and
MV-2E. The comparison of these findings with the WD-XRF results is illustrated in Figure 3.2.

Gravimetry analysis is a single point, while the standard deviation of the WD-XRF reflects the standard

deviation of the measured ST: in the equation S; = % x ST, the ratio is taken as the average of three
WD-XRF analysis, where ST is taken as the average plus or minus the standard deviation of three
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replicates. This was done because the standard deviation of the WD-XRF measurement is much lower
compared to the total sulfur analysis. Based on this, it can be seen that the gravimetric analysis
measurement is within the standard deviation of the WD-XRF and total sulfur measurement for both
samples. Further testing is underway to investigate the error of all three methods for all samples.

0.25% +
0.20% A

0.15% A

SO, as S

%

MV-1CB MV-2EB

0.10% +

0.05% A
XGravimetric Analysis
OWD-XRF Analysis

0.00% -

Figure 3.2: Comparison of sulfate content of block samples MV-1C and MV-2E using gravimetric
analysis vs WD-XRF method.

4, CONCLUSIONS

In summary, the total sulfur content of the samples was determined using a LECO Elemental Analyzer.
The analysis revealed that aggregate samples have greater homogeneity in total sulfur content when
compared to the blocks, as shown by their lower standard deviation. Additionally, WDXRF analysis was
conducted to differentiate between sulfate and sulfide concentrations in the samples. It was evident that
the aggregates contained sulfide only, while the blocks contained a combination of sulfide and sulfate.
Furthermore, a gravimetric analysis was performed to independently determine sulfate concentration,
confirming the results obtained from other methods. Future work will involve additional gravimetric
experiments to further enhance our understanding of the data.
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