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Abstract 

The premature deterioration of concrete infrastructures in West Africa is frequently attributed to mechanical and environmental 

factors, while the role of chemical soil aggressiveness remains largely underestimated and insufficiently investigated. In many 

developing countries, geotechnical studies rarely include comprehensive chemical characterization of soils, despite its critical 

importance for long-term infrastructure durability. This study evaluates the relevance of Baumann-Gully acidity as a low-cost, 

reliable, and accessible indicator of soil aggressiveness toward concrete. A total of nine soil samples collected from various 

locations in Benin were analyzed using the standardized method EN 16502. The results revealed acidity values ranging from 165 

to 257 mL/kg, indicating predominantly moderate to high aggressiveness levels. Notably, several samples exceeded the 

commonly accepted threshold associated with severe chemical attack risks. Graphical analysis further highlights the significance 

of these findings. The distribution of acidity values across sampling sites shows a consistent prevalence of aggressive conditions, 

while the histogram confirms a concentration of results within the upper range of aggressiveness. The boxplot analysis reveals a 

relatively high variability, with extreme values indicating localized zones of particularly high chemical risk. In addition, the 

relationship between depth and acidity suggests that aggressive conditions are not limited to surface soils but may persist across 

deeper layers, which has important implications for foundation design. These findings emphasize the critical need to 

systematically integrate chemical soil analysis into geotechnical investigations in developing countries. The study demonstrates 

that Baumann-Gully acidity is not only a practical and cost-effective tool, but also a scientifically relevant parameter for 

predicting soil-induced degradation of concrete. Its adoption could significantly improve infrastructure durability and reduce 

maintenance costs in resource-limited settings. 
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1. Introduction 

The durability of concrete infrastructures remains a major 

challenge in many developing regions, particularly in West 

Africa, where premature degradation of buildings, bridges, 

and foundations is frequently reported. These failures are 

commonly attributed to mechanical deficiencies, poor con-

struction practices, or environmental exposure. However, the 

chemical characteristics of soils, which play a critical role in 

long-term concrete performance, are often underestimated or 

entirely neglected in routine geotechnical investigations [1]. 

Soil–concrete interactions are governed not only by physical 

parameters but also by complex chemical processes. Acidic 

soils, especially those rich in organic matter, can induce dele-

terious reactions such as calcium leaching, dissolution of ce-

ment hydrates, and progressive weakening of the cementitious 

matrix [2, 3]. These processes ultimately reduce the structural 

integrity and service life of concrete infrastructures. In tropi-

cal environments such as those found in West Africa, soils are 

often characterized by significant organic content, seasonal 

water saturation, and intense weathering, all of which may en-

hance their chemical aggressiveness [4, 5]. 

Despite this, geotechnical studies in many developing coun-

tries continue to focus primarily on mechanical properties 

such as bearing capacity, compaction, and granulometry, 

while chemical parameters are rarely assessed. This gap in 

practice may lead to inadequate material selection and insuf-

ficient protective measures, thereby increasing the risk of 

premature infrastructure failure [6]. International standards 

such as EN 206 emphasize the importance of considering 

chemical exposure classes (e.g., XA1–XA3), yet their appli-

cation remains limited in resource-constrained contexts. Trop-

ical soils, particularly lateritic soils common in West Africa, 

are known for their complex chemical behavior [7]. 

Among the available methods for assessing soil chemical 

aggressiveness, the Baumann-Gully acidity test offers a sim-

ple, rapid, and cost-effective approach. Standardized under 

EN 16502, this method quantifies the exchangeable acidity of 

soils, primarily associated with humic substances. It is based 

on the principle of ion exchange between soil colloids and a 

sodium acetate solution, leading to the release of hydrogen 

ions that are subsequently quantified by titration. This param-

eter provides valuable insight into the potential of soils to in-

duce chemical degradation of concrete [8]. 

Although widely recognized in certain geotechnical con-

texts, the Baumann-Gully method remains underutilized in 

many parts of the world, particularly in developing countries. 

Its simplicity and low operational cost make it especially suit-

able for laboratories with limited resources, offering a practi-

cal alternative to more complex and expensive analytical tech-

niques. 

In this context, the present study aims to evaluate the rele-

vance of Baumann-Gully acidity as an indicator of soil aggres-

siveness toward concrete in West African conditions. Using a 

set of soil samples collected from different regions of Benin, 

the study seeks to (i) characterize the variability of soil acidity, 

(ii) assess its potential impact on concrete durability, and (iii) 

highlight the importance of integrating chemical soil analysis 

into geotechnical investigations. Ultimately, this work con-

tributes to the development of more sustainable and resilient 

infrastructure practices in resource-limited settings. 

2. Materials and Methods 

2.1. Study Area and Sampling 

This study was conducted in the northern and central re-

gions of Benin, characterized by tropical climatic conditions, 

seasonal rainfall, and diverse soil profiles. The selected sam-

pling sites—Kalale, Kouande, Ouinhi, and Nikki—represent 

typical geotechnical environments encountered in infrastruc-

ture development projects in West Africa. 

A total of nine soil samples were collected at different 

depths ranging from surface layers to 28 m, in order to capture 

vertical variability in soil chemical properties. The sampling 

strategy was designed to reflect a variety of soil types, includ-

ing sandy, clayey, and silty formations, commonly used as 

foundation materials in civil engineering projects. 

Samples were collected during geotechnical investigations 

commissioned by a local engineering company. Each sample 

was stored in airtight containers, transported to the laboratory, 

and air-dried prior to analysis. Coarse particles and debris 

were removed by sieving at 2 mm to ensure sample homoge-

neity. 

2.2. Analytical Method 

The determination of soil acidity was carried out using the 

Baumann-Gully method, in accordance with EN 16502. This 

method quantifies the exchangeable acidity of soils, primarily 

associated with humic substances and colloidal organic matter. 

The analytical procedure is based on the displacement of ex-

changeable hydrogen ions (H⁺) from soil particles by a neutral 

salt solution, followed by titration of the released acidity. 

Briefly, a known mass of air-dried soil was mixed with a so-

dium acetate (CH₃COONa) solution of known concentration. 

During this process, hydrogen ions adsorbed on soil colloids 

were exchanged with sodium ions (Na⁺), leading to the for-

mation of acetic acid (CH₃COOH). The resulting solution was 

filtered, and an aliquot was titrated with a standardized sodium 

hydroxide (NaOH) solution using phenolphthalein as an indi-

cator. The volume of NaOH consumed corresponds to the 

amount of acetic acid formed and, consequently, to the ex-

changeable acidity of the soil. Results were expressed as mil-

liliters of NaOH per kilogram of dry soil (mL/kg), providing 

a quantitative measure of the soil’s potential acidity. 
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2.3. Quality Control and Reproducibility 

All reagents used were of analytical grade, and solutions 

were prepared using distilled water. The NaOH titrant was 

standardized prior to use to ensure accuracy of the measure-

ments. Each analysis was performed at least in duplicate, and 

the average value was reported. To minimize experimental er-

rors, particular attention was paid to: 

1) consistent sample mass 

2) controlled agitation time during extraction 

3) accurate endpoint detection during titration 

The overall uncertainty of the method is considered low for 

comparative assessment of soil aggressiveness. 

2.4. Interpretation Criteria 

The aggressiveness of soils toward concrete was assessed 

based on Baumann-Gully acidity values using commonly ac-

cepted geotechnical thresholds. Soil samples were classified 

into three categories: 

1) < 50 mL/kg: low aggressiveness 

2) 50–200 mL/kg: moderate aggressiveness 

3) > 200 mL/kg: high aggressiveness 

These thresholds are widely used in engineering practice as 

indicative values for evaluating the potential chemical impact 

of soils on concrete structures. However, it should be noted 

that soil aggressiveness is a multi-parameter phenomenon and 

should ideally be assessed in conjunction with other chemical 

indicators such as pH, sulfate content, and ammonium con-

centration, as recommended in EN 206. 

3. Results 

3.1. Distribution of Baumann-Gully Acidity 

The Baumann-Gully acidity values obtained for the nine 

soil samples ranged from 165 to 257 mL/kg, indicating pre-

dominantly moderate to high levels of soil aggressiveness. A 

significant proportion of samples exhibited values close to or 

exceeding the commonly accepted threshold of 200 mL/kg, 

which is associated with strong chemical aggressiveness to-

ward concrete. 

As illustrated in Figure 1, the distribution of acidity across 

the different sampling sites reveals a relatively consistent pat-

tern of elevated values. Sites such as Nikki and Kalale (Figure 

1) exhibit particularly high acidity levels, reaching 257 mL/kg 

and 224 mL/kg, respectively, indicating potentially severe 

chemical conditions for concrete durability. 

 
Figure 1. Soil acidity distribution across sampling sites. 

3.2. Frequency Distribution and Statistical 

Trends 

The histogram presented in Figure 2 highlights the fre-

quency distribution of Baumann-Gully acidity values. The 

majority of samples fall within the high range (≥ 170 mL/kg), 

confirming that moderately to highly aggressive soils domi-

nate the dataset. 

The distribution appears slightly skewed toward higher val-

ues, suggesting that extreme acidity conditions are not isolated 

cases but rather a recurring feature in the studied regions. This 

observation reinforces the hypothesis that chemical aggres-

siveness may be a widespread and underrecognized issue in 

West African soils. 
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Figure 2. Distribution of soil acidity values. 

3.3. Influence of Depth on Soil Acidity 

The relationship between soil depth and Baumann-Gully 

acidity is presented in Figure 3. The scatter plot, combined 

with a linear regression line, suggests that soil acidity is not 

confined to surface layers but persists across deeper horizons. 

Although no strong linear correlation is observed, the data 

indicate that significant acidity values are present throughout 

the depth profile, including depths exceeding 20 m. This find-

ing is particularly important for civil engineering applications, 

as it implies that deep foundations may also be exposed to 

chemically aggressive environments. 

 
Figure 3. Relationship between depth and soil acidity. 

3.4. Variability of Soil Acidity 

The variability of the measured acidity values is further il-

lustrated by the boxplot in Figure 4. The interquartile range 

indicates moderate dispersion, while the presence of upper ex-

treme values reflects localized zones of significantly higher 

acidity. 

The median value lies within the upper range of moderate 

aggressiveness, confirming that most soils exhibit conditions 

that may pose a risk to concrete structures. The upper whisker 

extends beyond 250 mL/kg, highlighting the presence of 

highly aggressive environments. 

 
Figure 4. Statistical distribution of soil acidity. 
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3.5. Summary of Key Findings 

Overall, the results demonstrate that: 

1) All analyzed soils exhibit moderate to high acidity levels 

2) Several samples exceed the 200 mL/kg threshold, indi-

cating strong aggressiveness 

3) The distribution of acidity values is consistently elevated 

across sites 

4) Significant variability exists, with localized zones of ex-

treme acidity 

5) Soil aggressiveness persists across both shallow and 

deep layers 

These findings provide strong evidence that chemical soil 

conditions represent a critical factor influencing concrete du-

rability in the studied regions. 

4. Discussion 

4.1. Prevalence of Chemically Aggressive Soils 

The results obtained in this study clearly demonstrate that 

the majority of the analyzed soils exhibit moderate to high lev-

els of Baumann-Gully acidity, with values ranging from 165 

to 257 mL/kg. Such levels indicate a significant presence of 

exchangeable hydrogen ions, primarily associated with humic 

substances and organic colloids. These findings suggest that 

chemically aggressive soils are not isolated occurrences but 

rather a widespread characteristic of the investigated regions. 

The distribution patterns observed (Figures 1 and 2) con-

firm that elevated acidity values are consistently encountered 

across different locations, reinforcing the hypothesis that 

chemical aggressiveness may be a common but underesti-

mated feature of West African soils. This is particularly rele-

vant in tropical environments, where intense weathering and 

organic matter accumulation contribute to the development of 

acidic soil conditions [9-11]. 

4.2. Implications for Concrete Durability 

From a materials science perspective, high soil acidity can 

significantly affect the long-term performance of concrete 

structures. The presence of exchangeable hydrogen ions pro-

motes chemical reactions such as the dissolution of calcium 

hydroxide (portlandite) and the destabilization of calcium sil-

icate hydrates (C–S–H), which are essential for the mechani-

cal strength of cementitious materials. 

Recent advances in cement science highlight the im-

portance of adapting materials to aggressive environments [12, 

13]. 

These degradation mechanisms can lead to increased poros-

ity, reduced mechanical strength, and ultimately structural 

failure. The fact that several samples exceed the 200 mL/kg 

threshold indicates that severe chemical attack conditions may 

be present in the studied areas. According to EN 206, such en-

vironments may correspond to moderate to high chemical ex-

posure classes (XA2–XA3), requiring specific design consid-

erations and protective measures [14, 15]. 

4.3. Depth-related Persistence of Soil 

Aggressiveness 

One of the most important findings of this study is the per-

sistence of soil acidity across depth profiles, as illustrated in 

Figure 3. The presence of significant acidity values at depths 

exceeding 20 m suggests that aggressive conditions are not 

limited to surface soils but extend to deeper layers. 

This has major implications for civil engineering practice, 

particularly for deep foundations such as piles and drilled 

shafts. In many construction projects, deeper soil layers are 

often assumed to be chemically stable. However, the results of 

this study challenge this assumption and highlight the need for 

chemical characterization at all relevant depths. 

4.4. Variability and Localized Risk 

The statistical dispersion observed in the boxplot (Figure 4) 

indicates that soil acidity is not uniform but varies signifi-

cantly between locations and depths. The presence of high-

end values suggests localized zones of extreme aggressiveness, 

which may pose a greater risk to infrastructure. 

Such variability underscores the importance of site-specific 

analysis rather than relying on generalized assumptions. In 

practical terms, this means that even within a single project 

site, certain zones may require enhanced protective measures, 

while others may not. 

4.5. Underestimation of Chemical Factors in 

Developing Countries 

A key contribution of this study lies in highlighting the sys-

tematic underestimation of chemical soil properties in ge-

otechnical investigations conducted in developing countries. 

In many West African contexts, soil studies focus almost ex-

clusively on mechanical parameters such as bearing capacity, 

compaction, and grain size distribution. 

This practice overlooks critical chemical interactions that 

can significantly reduce the lifespan of concrete structures. 

Previous studies have emphasized that neglecting chemical 

aggressiveness can lead to inappropriate material selection 

and increased maintenance costs [16, 17]. 

The widespread presence of moderate to highly aggressive 

soils observed in this study suggests that current practices may 

expose infrastructures to avoidable risks. 

4.6. Relevance and Practicality of the 

Baumann-Gully Method 

The Baumann-Gully acidity test proves to be particularly 

well-suited for application in resource-limited environments. 
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Its advantages include: 

1) low cost of implementation 

2) simple experimental procedure 

3) minimal equipment requirements 

4) rapid and reproducible results 

Compared to more advanced analytical techniques, the 

Baumann-Gully method offers a practical alternative for rou-

tine soil assessment in developing countries. Its ability to cap-

ture exchangeable acidity linked to humic substances provides 

valuable insight into soil–concrete interactions [18]. 

4.7. Toward Improved Engineering Practices 

The findings of this study strongly support the integration 

of chemical soil analysis into standard geotechnical investiga-

tions. In particular, Baumann-Gully acidity should be consid-

ered as a preliminary screening tool to identify potentially ag-

gressive environments. 

For a more comprehensive assessment, this parameter 

should be combined with other chemical indicators such as: 

1) soil pH 

2) sulfate concentration (SO4
2-) 

3) ammonium content (NH4
+) 

Such an approach would align with the recommendations 

of EN 206 and contribute to more durable and resilient infra-

structure design. 

4.8. Limitations and Perspectives 

While this study provides valuable insights, certain limita-

tions should be acknowledged. The number of samples re-

mains relatively limited, and additional data from other re-

gions would further strengthen the conclusions. Moreover, the 

absence of complementary chemical parameters such as sul-

fates and pH limits the ability to fully classify exposure con-

ditions. 

Future research should aim to: 

1) expand the geographical scope of sampling 

2) integrate multi-parameter chemical analysis 

3) establish correlations between Baumann-Gully acidity 

and concrete degradation in field conditions 

5. Conclusion 

This study demonstrates that Baumann-Gully acidity is a 

relevant, reliable, and practical indicator of soil aggressive-

ness toward concrete in West African conditions. The results 

obtained from nine soil samples collected across different re-

gions of Benin reveal consistently moderate to high acidity 

levels, with several values exceeding 200 mL/kg, indicating 

potentially severe chemical attack risks. 

The integration of graphical and statistical analyses further 

highlights the widespread nature of soil aggressiveness, as 

well as its variability and persistence across depth profiles. 

These findings challenge the common assumption that chem-

ical soil conditions are secondary compared to mechanical 

properties in geotechnical investigations. 

From a materials science perspective, the presence of sig-

nificant exchangeable acidity suggests a strong potential for 

deleterious interactions with concrete, including calcium 

leaching and progressive degradation of the cement matrix. 

This underscores the critical role of soil chemistry in deter-

mining the durability and service life of infrastructure. 

Importantly, this study highlights a major gap in current en-

gineering practices in many developing countries, where 

chemical soil analysis is often neglected. The widespread oc-

currence of aggressive soils observed in this work suggests 

that this omission may contribute significantly to the prema-

ture deterioration of concrete structures. 

Overall, the results confirm that Baumann-Gully acidity is 

not only scientifically relevant but also operationally suitable 

for routine application in resource-limited environments. Its 

simplicity, low cost, and effectiveness make it a valuable tool 

for improving infrastructure resilience in West Africa and sim-

ilar contexts. 

6. Recommendations for Engineering 

Practice 

Based on the findings of this study, several practical recom-

mendations can be proposed: 

6.1. Systematic Integration of Chemical Soil 

Analysis 

Chemical characterization of soils should be systematically 

included in geotechnical investigations, alongside mechanical 

testing. In particular, Baumann-Gully acidity can serve as a 

rapid screening tool to identify potentially aggressive environ-

ments. 

6.2. Adaptation of Concrete Design to Soil 

Conditions 

In soils exhibiting moderate to high acidity, appropriate 

measures should be implemented in accordance with EN 206, 

including: 

1) use of sulfate-resistant or low-alkali cement 

2) reduction of concrete permeability 

3) application of protective barriers or coatings 

Innovative cement formulations could improve durability in 

such environments [19, 20]. 

6.3. Site-specific Risk Assessment 

Given the variability observed in soil acidity, localized as-

sessments should be prioritized over generalized assumptions. 
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Even within a single construction site, zones of higher aggres-

siveness may require targeted mitigation strategies. 

6.4. Development of Regional Guidelines 

There is a need to develop technical guidelines adapted to 

African soil conditions, incorporating chemical parameters 

such as Baumann-Gully acidity. This would facilitate the 

standardization of practices and improve infrastructure dura-

bility. 

6.5. Recommendations for Research 

To further advance the understanding of soil–concrete in-

teractions in tropical environments, future research should fo-

cus on: 

1) multi-parameter analysis, combining Baumann-Gully 

acidity with pH, sulfates (SO4
2-), and ammonium (NH4

+) 

2) long-term field studies, to correlate soil acidity with ac-

tual degradation of concrete structures 

3) model development, to predict concrete durability based 

on chemical soil parameters 

4) expansion of datasets, covering a wider range of geo-

graphical regions and soil types 

BibliographieThis study provides strong evidence that 

chemical soil aggressiveness represents a critical yet under-

recognized factor in infrastructure durability in developing 

countries. By promoting the use of simple and accessible an-

alytical tools such as the Baumann-Gully method, it is possi-

ble to significantly enhance the resilience and sustainability of 

construction practices. 

In this context, the integration of chemistry into geotech-

nical engineering should no longer be considered optional, but 

rather essential for ensuring the long-term performance of in-

frastructure in challenging environments. 
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