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Abstract. The biodegradation of cementitious materials in sewage systems is mainly due to the biotic 
oxidation of hydrogen sulfide (H2S) into sulfuric acid. It leads to a local and progressive dissolution of 
the cementitious matrix as well as the precipitation of some expansive products such as gypsum and 
ettringite. In such a context, this paper focuses on the characterization of the altered layers present on 
several types of cementitious materials (CEM I ordinary Portland cement, CEM III blast furnace cement, 
CEM V composite cement, and CAC: calcium aluminate cement). The studied samples are mortars 
exposed, to different H2S concentrations, for several years in a local sewage plant managed by the 
Interdepartmental Syndicate for the Sanitation of the Paris Agglomeration (SIAAP). Transversal cross-
sections of these mortars were first chemically characterized by energy dispersive spectroscopy (EDS) 
in order to obtain elemental mapping. Additionally, to better understand the surface degradation and 
the appearance of mineral phases revealing the process, µ-Raman mappings were performed on the 
deteriorated zones at different time scales. Gypsum was observed on all samples. The analysis confirmed 
the greater resistance of CAC materials in such an environment than that of Portland cement-based 
materials. 
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1 Introduction 
As part of the process of building a more sustainable world, the United Nations have defined 
its sixth sustainable development goal, to ensure access to water and sanitation for everyone by 
2030 and to ensure sustainable management of water resources (Bodiguel, s. d.). In this regard, 
a key action leads professionals in the sanitation sector to examine the construction of 
sustainable networks and the optimal management methods to be implemented for these 
structures. 

Among the available pipe materials, cementitious materials are the most widely utilized and 
account for about half of the quantity of large diameter sewer pipes. However, during their 
lifetime, these pipes are undergoing various types of deterioration. These deteriorations can be 
related to a defect during assembly, to environmental aggression or to deterioration by effluents 
and micro-organisms circulating inside the pipe. About 40% of these deteriorations can be 
attributed to biogenic attack via sulfuric acid production (Kaempfer & Berndt, 1999). The 
different stages of the phenomenon encountered during this biodegradation can be found in the 
literature by Aboulela; Grandclerc; Herisson et Okabe et al. (Aboulela, 2022; Grandclerc, 2017; 
Herisson, 2012; Okabe et al., 2007). 

mailto:janette.ayoub@univ-eiffel.fr
mailto:tony.pons@univ-eiffel.fr
mailto:marielle.gueguen@univ-eiffel.fr
mailto:marcos.oliveira@siaap.fr
mailto:mario.marchetti@univ-eiffel.fr


Janette Ayoub, Tony Pons, Marielle Guéguen Minerbe, Marcos Oliveira and Mario Marchetti 

 2 

However, the biodeterioration of cementitious materials in the presence of H2S, can be 
summarized by four steps: an abiotic oxidation of H2S to elemental sulfur on the surface of the 
cementitious material; a bacterial oxidation of sulfur-containing molecules to sulfuric acid; a 
sulfuric acid diffusion into the degraded layer; and an acid attack on intact cementitious 
materials (Herisson et al., 2013). 

Sulfuric acid dissolves the cementitious matrix and leads to the formation of non-cohesive 
and/or expansive sulfate mineral products such as gypsum and ettringite (Herisson et al., 2017).  
The durability of cementitious materials exposed to such conditions is highly dependent on the 
nature of the binder. The literature presents different in-situ studies that investigate and compare 
the resistance of several cementitious materials to biodeterioration. These studies show in 
particular the better resistance of calcium aluminate cement (CAC) to biodeterioration 
compared to Portland cement (Herisson, 2012). (Grandclerc et al., 2018) have also reported that, 
among the different Portland cements, CEM V has a better resistance than CEM III and CEM 
I. 

The objective of this work is to study the behavior of different mortar formulations and to 
provide a mineralogical characterization of the deterioration layers present on these different 
types of cementitious binders. So, the mortars were exposed for four years in-situ with a 
periodic macroscopic follow-up. Furthermore, as Raman spectroscopy is a high spatial 
resolution and non-destructive technique (Kong et al., 2011), it was used to characterize certain 
phases and better understand the biodeterioration process. 

2 Experimental Procedures 

2.1 Mortar Samples 
Cylindrical mortar samples of 6 cm diameter and 14 cm height were prepared with four types 
of cement (ordinary Portland cement: CEM I, blast furnace cement: CEM III, slag and ash 
compound cement: CEM V, and calcium aluminate cement: CAC). The water/cement ratio and 
sand/cement ratio are 0.5 and 0.3 respectively for all samples. A PVC tube was inserted in the 
center of each sample in order to fix each one in a 60x40x30 cm3 box which was later placed 
in the sewerage system and opened to the gas flow. After preparation, the samples were exposed 
to a relative humidity of 100% for 24 hours. Once unmolded, the samples were stored in sealed 
plastic bags for 28 days. 

2.2 Characteristics of the Exposure Site 
The exposure site is located in the general outfall in the northern part of the Paris region where 
the samples were exposed for four years. They were then submitted to different H2S 
concentrations. Throughout the exposure period, the H2S concentration was measured at the 
site using a safety sensor. The variation in H2S concentration for a 9-month period of the 
exposure duration is shown in the Figure 1. According to Table 1, the H2S concentration in the 
gas phases varied from 0 ppm to a maximum of 598 ppm with an average concentration of 14 
ppm (which corresponds to the exposure class XA3 according to the NF EN 206/CN (Iv, s. d.)). 
This concentration reached different levels and underwent several variations over two orders of 
magnitude. 



Janette Ayoub, Tony Pons, Marielle Guéguen Minerbe, Marcos Oliveira and Mario Marchetti 

 3 

 
Figure 1: H2S concentration as a function of time over a 9-month duration. 

Table 1: H2S concentration in ppm in the gas phase of the exposure site. 

Mean (ppm) 14.00 1st quartile (ppm) 4 Min (ppm) 0 
Standard deviation 

(ppm) 18.86 3rd quartile (ppm) 19 Max (ppm) 598 

2.3 Analysis of Cementitious Samples 
For each sampling time step, visual observations were first made on site to determine the 
macroscopic degradations of the mortar samples. Surface pH (pH paper with 0.2 accuracy), 
weights (scale with 0.1g accuracy), and diameters (caliper) were also measured on site. In 
addition, observations were made on a cross-section of each mortar with an optical-digital 
microscope (Keyence) that allowed the determination of the deteriorated zone thickness by 
image analysis using ImageJ software. 

In order to follow up on the mineralogical characterizations of the samples, measurements 
were made using a BWTek iRaman spectrometer, with a laser at 532 nm (50 mW), with a 
spectral resolution of 4 cm-1. It was coupled to a microscope with a x50 objective. 

The elemental chemical analyses of the metallized samples were performed using Scanning 
Electron Microscope (Quanta 400 FEI) equipped with an Energy Dispersive Spectrometer 
(EDS, Xplore30, Oxford), at 20kV. 

3 Results 

3.1 Visual Observations 
Macroscopic degradations of the samples were observed throughout the in-situ exposure in a 
qualitative (visual) manner as illustrated in Figure 2. For all samples, this degradation is present 
from the first observation (1.8 years) and it worsens with time. This degradation is accompanied 
by precipitation on the surface of the mortars and loss of material. Moreover, a change of color 
and a precipitation of gypsum (confirmed by DRX) are visible on all the samples. 

CAC shows better resistance to biodeterioration with respect to Portland cement, which is 
consistent with the literature (Herisson, 2012). This observation is based on the fact that the 
CAC sample retained its geometric characteristics, while the CEM I sample showed signs of 
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geometric change. 
CEM I appears to be the most degraded formulation. As well, an alteration of the angles is 

observed for CEM I, CEM III and CEM V after 2.2 years. 
However, according to the literature (Grandclerc et al., 2018), CEM III should have behaved 

differently than what was visually observed in this study and should have exhibited greater 
degradation. 

 
Figure 2: Visual observations of the mortars during the 4 years of exposure. 

3.2 Evolution of Surface pH, Weights and Diameter of Mortar Samples 
Besides the visual degradation, the surface pH, masses and diameters of the samples were 
measured during the in-situ exposure period. The surface pH decreased sharply from its initial 
alkaline value after 1.8 years and then stabilized between 4 and 6 with the years, as shown in 
Figure 3-a. Along with the pH evolution, a weight gain is also observed. This gain is obviously 
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related to water accumulation in the mortar pores, present in all samples during the first years 
as shown in Figure 3-b. Then, a weight loss is observed for the CEM I, CEM III and CEM V 
samples between the 2nd and 4th year while the one of CAC seems to remain constant. Finally, 
the evolution of the diameter of the samples is shown in Figure 3-c. This one showed the same 
behavior as the mass, with a variation after 2.8 years during which a strong precipitation of 
gypsum was observed on the samples, leading to an increase in their diameter. A significant 
difference in thickness increase between CEM I and CEM V and the other formulations after 
2.8 years of exposure was noticed. In contrast, no significant change in diameter was measured 
for CAC mortars. These measurements are consistent with the visual observations. 

 
Figure 3: Mean measurements from 0 to 4 years of (a) surface pH, (b) masses, and (c) diameter of samples. 

3.3 Determination of Visual Degraded Thicknesses. 
The cross-sections of the mortars after four years of exposure in the sewer system, observed 
with an optical-digital microscope in reflected light, are shown in Figure 4. They confirm the 
results presented in the previous section. Figure 4-a and 4-b clearly show the annular 
progression of degradation for CEM I and CEM V mortars, and less marked for CAC sample 
(Figure 4-c). Figure 4-c confirms the greater resistance of CAC as its degradation layer 
thickness is smaller than those of Portland cements. 

In addition, these cross-sections allowed us to distinguishing the degraded mortar zones from 
the pristine ones. At the interface of these two zones, an orange/brown layer is visible, probably 
related to the presence of iron (Grengg et al., 2017). All of these observations made possible to 
quantitatively determine the thicknesses of the degraded, chemically altered, and healthy zones 
(Figure 5) of the mortars using ImageJ software (Table 2). These values support the results in 
Figure 3-b and 3-c, showing that the radius of CEM I and CEM V increased after four years 
(Table 2). 

Table 2: Quantitative determination of the thicknesses of the degraded, altered and intact zones. 

Cement Initial radius                
(r1: cm) 

Radius at t=4 years 
(r2: cm) 

Radius of pristine 
zone (r3: cm) 

Mean visual modified 
thickness after 4 years (cm) 

CEM I 3.00 3.03 1.93 1.07 
CEM V 3.00 3.11 2.39 0.61 

CAC 3.00 2.97 2.95 0.05 
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Figure 4: Cross section of mortars observed with 
KEYENCE (a) CEM I, (b) CEM V, (c) CAC after 

four years of exposure in a sewer system 

Figure 5: Schematic of the degraded, chemically altered 
and intact zone of a sample. 

3.4 Mineralogical Characterizations by µ-Raman Spectroscopy 
The photographs of the intact and altered zones (Figure 6-a and 6-b respectively) of polished 
sections of a CEM I specimen (with cement paste and aggregates) show significant 
morphological differences. Furthermore, the spectral analysis (Raman at 532 nm, integration 
time 40 s, average over 20 spectra, x50 objective) of the altered zone highlights a typical 
gypsum spectrum at 1008 cm-1, obtained in the CEM I specimen (see Figure 6-c). It is essential 
to note that the observed vibrational modes are in good agreement with literature data (Chang 
et al., 1999; Pons et al., 2018; Tang et al., 2021), with in particular the intense peak at 1008 cm-

1 characteristic of gypsum, formed after sulfate attack  On the other hand, the spectral analysis 
of the sound zone shows the spectral signature of cement as found in the literature with the 
presence of amorphous structures (Marchetti et al., 2023), and shows no significant or 
characteristic peak of anhydrous or hydrated calcium sulfate. These elements confirm the 
relevance of the spectroscopic approach to characterize the bio-alteration of the cement matrix. 

3.5 Chemical Observations 
Some results of the chemical observation by SEM-EDS of a mapping of a section of a CEM I 
sample are presented in Figure 7. This cartography allows us to clearly distinguish the degraded 
zone from the non-degraded one (Figure 7-a). The results of the elemental iron mapping are 
consistent with the observations previously described in Section 3.3. This orange/brown layer, 
visible at the interface of the two zones, is related to the presence of iron (Figure 7-b). Moreover, 
the outer part of the deteriorated layer was featured by alternating S and Ca filaments (Figure 
7-c and 7-d respectively), corresponding to sulfate salts as gypsum, in conformity with the 
Raman spectroscopy results. 
 

 Pristine zone 
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Figure 6: Photographs (in reflected light) of an intact zone (a) and an altered one (b) and normalized Raman 

spectra of the periphery (c) of polished sections of a CEM I specimen after four years of exposure in a sewage 
system. 

 
Figure 7: SEM-EDS mapping of CEM I cement-based mortars from the deteriorated zone (top part) to the intact 

zone (bottom part) (a), with the associated mapping for iron (b), sulfur (c) and calcium (d). 

4 Conclusion 
In this study, the macroscopic behavior of different mortar formulations with respect to bio-
alteration in a H2S-enriched environment was investigated. The evolution of macroscopic 
parameters such as visual aspect, surface pH, mass and diameter of the mortars, was followed 
during four years of exposure. The alteration layers present on these different types of 
cementitious binders were characterized by different analytical techniques. The results of this 
study allowed to classify the materials from the most to the least resistant as follows: CAC, 
CEM V, CEM I. All these results are consistent with the literature (Grandclerc, 2017; Herisson, 
2012). Furthermore, the better resistance of CAC mortars among all formulations is attributed 
to the chemical stability of the AH3 phase which upon dissolution releases hydroxyl ions that 
neutralize the acid and thus increases the pH by destabilizing the "optimal" acid medium for 
biogenic sulfuric acid production(Aboulela, 2022; Buvignier, 2018). However, the study of 
chemical and mineralogical variations, using scanning electron microscopy along with µ-
Raman spectroscopy, confirmed the observations and findings of the literature, while opening 
more possibilities on the quantitative analysis of the degradation process (Grengg et al., 2017). 
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