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CHAPTER I 
INTRODUCTION 

 

1.1 Background and Rationale 
Concrete serves as a fundamental building material due to its cost-

effectiveness and remarkably high compressive strength properties. It is utilized in 

various construction projects, including buildings, roads, dams, bridges, monuments, 

and other structures in general construction work. It is crucial to comprehend how 

concrete reacts and deteriorates under varying environmental conditions. Concrete 

deterioration occurs due to various factors, primarily influenced by environmental 

elements such as chloride-rich saline solutions, leading to corrosion within the 

concrete matrix and embedded materials (Vassuoni and Rahmam, 2016; Yang et al., 

2022; Cao et al., 2019). This degradation causes observable effects such as cracking, 

fading, and reduced strength, significantly impacting structural integrity (Liu et al., 2014; 

Wang et al., 2019; Qasim et al., 2020; Qiao et al., 2018). The cumulative effect poses 

substantial risks to both human life and property, underscoring the necessity to study 

and mitigate concrete deterioration for sustainable and safe infrastructure 

development. 

Environmental factors, especially saline solutions containing chloride ions, 

pose a significant threat to concrete integrity. Understanding these effects is vital to 

assess potential risks and ensure the longevity of concrete structures. Deterioration in 

concrete structures compromises safety, risking both human life and property. 

Investigating the impact of saline solutions aids in evaluating these risks and 

implementing preventive measures. Analyzing the effects of saline solutions helps in 

devising strategies to enhance the durability and resilience of concrete structures, 

ensuring sustainable infrastructure development. 
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This research contributes to practical applications, guiding construction 

practices, material selection, and maintenance strategies in areas prone to high salinity, 

ultimately improving infrastructure reliability. Overall, studying the effect of saline 

solutions on concrete deterioration aligns with ensuring safety, sustainability, and 

longevity in construction practices, addressing real-world challenges, and fostering 

safer and more resilient infrastructure. 

The study area conducted is in Nakhon Ratchasima Province. Thongwat et al. 

(2018) illustrate the accumulation of chloride within Nakhon Ratchasima province's 

groundwater, as shown in Figure 1.1. The study's objective is to comprehend concrete 

deterioration in chloride-rich settings, with a focus on determining the lifetime of 

concrete. This effort aims to bolster the assurance of individuals residing near such 

structures. It necessitated a comprehensive exploration of salinity effects on diverse 

concrete structures and properties. The outcomes will culminate in mathematical 

models estimating concrete lifespan or degradation in saline groundwater conditions. 

 

Figure 1.1 Map of chloride content of surface water in Nakhon Ratchasima province 
(Thongwat et al., 2018). 

 

 



3 

1.2 Research Objective 
The objectives of this study are to study the effect of saline concentration on 

physical and engineering properties of concrete, including compressive strength, water 

absorption, porosity, and mineral composition of concrete.  Uniaxial compressive 

strength test results are used to formulate the empirical equations for predicting the 

long-term compressive strength of concrete under immersion into various saline 

concentrations. 

 

1.3 Scope and Limitations 
The scope and limitations of the study are as follows: 

1) The dimension of the core specimen is 150 mm in diameter and a length 
of 300 mm in length and the nominal dimensions of rectangular specimens 
is 50×50×50 mm³. 

2) The uniaxial compression test procedure follows the ASTM C31, ASTM C39, 
ASTM C109, ASTM C617, and ASTM C1231 standard practices. 

3) Concrete is prepared from Ordinary Portland Cement (Type 1) mixed with 
cement, fine aggregate, coarse aggregate and water in a ratio of 1:2:4:0.5.  

4) Mortar is prepared from Ordinary Portland Cement (Type 1) mixed with 
cement, fine aggregate, and water in a ratio of 1:2.75:0.5. 

5) The salinity conditions of the total immersion varied in five levels: 0%, 25%, 
50%, 75%, and 100%.  

6) The direct and indirect compressive strength are conducted on cylindrical 
shape concrete sample. 

7) X-ray diffraction analysis to determine the mineral composition is 
conducted on the post-tested concrete samples from the uniaxial 
compression test. 

8) Saline absorption and ultrasonic pulse velocity are measured on mortar 
samples to explain the physical properties change during the deterioration of 
concrete. 
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9) Saline absorption and ultrasonic pulse velocity measurements are 
conducted on mortar samples to explain the alterations in physical 
properties occurring throughout the concrete's deterioration process. 

10) All tests are performed under immersion brine conditions and ambient 
temperature. 

 

1.4 Research Methodology 
This research methodology (Figure 1.2) comprises 6 steps: literature review, 

sample collection and preparation, laboratory tests, analysis, discussions, conclusions, 

and thesis writing. 

 

 

Figure 1.2 Research methodology.
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1.4.1 Literature Reviews 

The previous studies and review on the causes of concrete 

deterioration, factors affecting concrete erosion, the effects of saline water on 

concrete, the impact of salt immersion time on concrete properties, and the influence 

of saline concentration on the mechanical properties of concrete. The sources of 

information for this review are drawn from journals, technical reports, and conference 

papers. A summary of the literature review is provided in the thesis. 

1.4.2 Sample preparation 

The concrete cone samples are prepared in the laboratory at Suranaree 

University of Technology, Nakhon Ratchasima Province, typically have dimensions of 

diameter 150 mm × length 300 mm. A cubic mortar samples measure 50 x 50 x 50 

mm. The concrete samples were prepared using Ordinary Portland Cement (Type 1) 

mixed with cement, fine aggregate, coarse aggregate, and water in a ratio of 1:2:4:0.5. 

Mortar samples were prepared using Ordinary Portland Cement (Type 1) mixed with 

cement, fine aggregate, and water at a ratio of 1:2.75:0.5. 

After 24 hours of sample preparation, the concrete samples were cured 

in water for a duration of 28 days. Following this, the concrete samples were immersed 

in water. The water is conditioned to varied salinity concentrations at specified time 

intervals of 0, 1, 2, 3, 6, and 12 months. The concrete samples were assessed for 

maximum compressive strength, water absorption, and mineral changes. 

1.4.3  Laboratory test 

Laboratory tests were divided into 3 groups: mechanical tests, chemical 

tests, and physical tests. 

1) The mechanical test, a uniaxial compressive strength test (UCS) and 

a concrete hammer test were performed on water-saturated 

concrete samples.  
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2) The chemical test, the failure samples from the uniaxial 

compressive test were analyzed for mineral composition using X-

Ray diffractometer (XRD). 

3) The physical test involved water-saturated mortar samples, which 

were tested for brine adsorption and density. Afterward, the mortar 

samples were dried and tested for wave velocity. 

1.4.4 Analysis of test results 

Uniaxial compression tests are performed to determine the 

compressive strength of concrete and mortar with varied salinity concentrations. Saline 

water absorption is analyzed to understand the change in mineral composition. The 

results are analyzed to determine the relationship between time and uniaxial 

compressive strength. Mathematical equations are developed for estimating the 

service life and corrosion of concrete conditions to long-term exposure to brine 

groundwater using SPSS statistical software. 

1.4.5 Discussions, conclusions, and thesis writing 

All study activities, methods, and results are documented and compiled 

in the thesis. 

 

1.5 Thesis Contents 
Chapter 1 describes the objectives, problems, rationale, and methodology of 

the research. Chapter 2 presents the results of the literature review to improve an 

understanding of the physical and engineering properties of concrete in a state of 

submersion in brine. Chapter 3 describes the specimen preparation. Chapter 4 

describes the laboratory test and method. Chapter 5 describes the test results. Chapter 

6 describes the analysis of test results. Chapter 7 presents discussions, conclusions, 

and recommendations for future studies. 

 

 



 

CHAPTER II 
LITERATURE REVIEW 

 

2.1 Introduction  
This chapter provides an understanding of the types of Portland cement, the 

causes of concrete deterioration, the saline water effect on concrete, the saline water 

exposure effect on concrete properties and the saline concentration effect on the 

mechanical properties of concrete. The relevant knowledge is reviewed to support 

these conclusions and discussions. 

 

2.2 Types of Portland cement  
Portland cement, categorized by ASTM C-150, has the following main types: 

1) Type I ordinary Portland cement is commonly used in general construction 
work, offering high strength within a short timeframe and producing 
moderate heat. Type I is employed to construct building elements for 
various structures, such as columns, beams, and standard foundations. 

2) Type II modified Portland cement is a type of cement that does not 
generate excessive heat and exhibits a slower heating rate than Type I 
cement. Presently, this cement variety is not widely accessible in Thailand. 
In the United States, Type I and II cement are often combined and called 
Type I and II. 

3) Type III High early-strength Portland cement is characterized by its rapid 
solidification upon mixing with water. The heat generated during the 
hydration reaction is significantly higher than that of Type I cement. The 
compressive strength of concrete made from this cement reaches the same 
level at three days as that of concrete made from aged Type I cementitious 
cement at seven days. 
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4) Type IV low-heat Portland cement characterized by its minimal heat 
generation during hydration reactions, attributed to its low tri-calcium 
silicate (C3S) content averaging 30% relative to high di-calcium silicate (C2S) 
content averaging 46%. However, the presence of C3S imparts significant 
early-stage strength (within 28 days), making it well-suited for substantial 
concrete projects such as dam construction, among others. 

5) Type V sulfate-resisting Portland cement is characterized by its low tri-
calcium aluminate (C3A) content, typically not exceeding 5%. It causes a 
higher C3A content leading to susceptibility to sulfate attacks. Thus, 
minimizing the C3A content prevents reactions with sulfate, reducing the 
potential for corrosion. 

 

2.3 Cement mixing processes  
The mechanical process is related to deflocculation. Immediately after the 

cement powder is exposed to water, the chemical process starts resulting in the 

formation of hydrosilicates. The hydration component of silicate phases is calcium 

hydrosilicate (CSH) (Saleh et al.,2019). The major components of cement crystalline 

phases are: 

1) C3S-Tri-Calcium Silicate 

2) C2S-Di-Calcium Silicate 

3) C3A-Tri-Calcium Aluminate 

4) C4AF-Tetra-Calcium Aluminoferrite 

The hydration of C3A is very rapid compared to the hydration of tri-calcium silicate. 

This quick reaction dissipates hydro aluminum precipitates (C3AH6), which causes premature 

stiffening of slurry often described as a flash set (Gauffine-Garrault, 2012). In the first few 

seconds of cement exposure, tricalcium silicates come into contact and form a connected 

structure. With more CSH precipitation, the structure reinforces which makes it very difficult 

to break the gel (Figure 2.1, Nonat and Mutin, 1992). This process is irreversible. Hydration 
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kinetics are primarily dominated by silicate hydration since it is the primary cement 

constituent. Several hydration stages are outlined in Figure. 2.2. These stages include 

dissolution (stage 1), induction (stage 2), acceleration (stage 3), deceleration (stage 4), and 

diffusion (stage 5) (Nelson and Guillot, 2006). Early cement strength is impacted by tricalcium 

silicate whereas the final strength of cement is impacted by dicalcium silicate (Fink, 2015, 

Barret et al., 1983). Gutteridge and Dalziel (1990) studied the hydration behavior of cement 

for 100 days. Their studies showed exponential behavior of the hydration reaction plot with 

time, except for C2S. During the first 40 days, most of the reactions occur as shown in Figure 

2.3. It can be observed that hydration is very active in the first few days when many cement 

phases have steep hydration curves. 

 

 
Figure 2.1 Close view of a tricalcium silicate hydrated grain and CSH. SEM image shows 

a dense layer of CSH around the anhydrous grain. This dense layer 
corresponds to the hydrate layer formed during the first stage of hydration 
(Gauffine-Garrault, 2012). 
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Figure 2.2 Heat flow versus hydration time in cement. Five stages of hydration can be 

seen. These stages include dissolution (stage 1), induction (stage 2), 
acceleration (stage 3), deceleration (stage 4), and diffusion (stage 5) (Nelson 
and Guillot, 2006). 

 

 
 

Figure 2.3 Cement hydration with time. The initial period of hydration is characterized 
by dissolution and rapid reactions between C3S and water that begin 
immediately upon wetting (Gutteridge and Dalziel, 1990). 
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2.4 Causes of concrete deterioration 
The Product and Building Materials Co., Ltd. (2023) has summarized the general 

causes of damage in concrete into three main categories: mechanical causes, chemical 

causes, and physical causes, as shown in Figure 2.4. 

Most mechanical causes occur in concrete areas such as floors, roads, and 

airstrips that are subject to constant abrasion. In concrete structures in submerged 

conditions, erosion can occur when water flows and carries gravel or sand leading to 

the enlargement of cavities. In addition, water pressure from the entry of water into 

the concrete gap causes an increase in hollow space (cavitation). 

There are many chemical causes of concrete deterioration and the severity of 

each case varies. The chemical environments can significantly degrade high-quality 

concrete. Common chemicals that have a negative effect on concrete include sulfate 

(such as calcium sulfate), sodium sulfate, and magnesium sulfate (with solubility in 

water of 1.20, 240, and 300 g/l, respectively; magnesium sulfate has the greatest effect). 

Various acids, the reaction between alkali and aggregate in concrete, carbon dioxide, 

chloride, bacterial action, and seawater can also contribute to concrete deterioration. 

The extent of the damage will depend on the main constituents involved and the 

quality of the concrete. Aggressive chemicals must be present in the solution and 

exceed the minimum concentration to cause significant damage to concrete. 

The physical cause is that tensile stress in the concrete results in increased 

cracking, making it more susceptible to chemical deterioration. The physical causes of 

concrete degeneracy include ice damage, heat, fire, equal alternating wet and dry 

conditions, excessive loads, fatigue, and accidents. 
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Figure 2.4 The causes of concrete deterioration come from 3 main factors: physical, 

chemical, and mechanical (The Product and Building Materials Co., Ltd., 
2023). 

 

2.5 Factors affecting concrete erosion 
Homwuttiwong (2022) summarized the factors affecting the erosion of concrete, 

or the ability to resist erosion. The erosion of concrete depends on numerous factors 
related to the concrete environment, structural characteristics, usage, and every step 
of the concrete production process. Each of these factors has a different influence on 
concrete erosion. The main factors to consider are the compressive strength of 
concrete, aggregates, finishing the surface of fresh concrete, concrete curing and the 
number of cavities or voids in the concrete. 

2.5.1 Compressive strength of concrete 

  Compressive strength is a crucial factor in determining the resistance of 
concrete to erosion. It has been observed that concrete with high compressive strength 
exhibits better resistance to erosion. Achieving high compressive strength can be 
accomplished through the use of a high cement content in the mix or by employing a 
low water-to-cement ratio (w/c). 
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  The higher cement content ensures that the cement paste evenly coats 
and binds the fine particles. It results in a strong bond within the concrete. Additionally, 
when the water content in the concrete mixture is minimized (low w/c ratio), excess 
water is avoided, leading to fewer cavities or gaps in the concrete. Consequently, the 
concrete's density is increased, and the presence of cavities that might promote 
erosion is reduced. Thus, concrete with low water content exhibits higher density and 
enhanced resistance to abrasion. 

2.5.2 Aggregates 

  The type and quality of aggregate are used in the study. It has a 
significant impact on the wear-resistance properties of concrete. This effect is 
particularly pronounced in low-strength concrete but becomes less prominent as the 
concrete's compressive strength increases. Previous studies have shown that when 
mixing concrete, the coarse aggregate should possess sufficient strength and its 
maximum size should not exceed 25 mm in diameter. Concrete made with smaller 
coarse aggregates generally exhibits higher wear resistance compared to concrete 
made with larger coarse aggregates. 

  Regarding fine aggregates, it is essential that they are clean and have a 
well-balanced mix ratio and distribution. The correct quantity and composition 
between coarse and fine aggregates are maintained, avoiding excessive use of either 
type. Taking these factors into consideration will lead to concrete with improved 
abrasion resistance. 

2.5.3 Finishing the surface of fresh concrete 

  Finishing the surface of fresh concrete involves various techniques, 
including polishing, rough scrubbing, and exfoliation, all of which enhance the strength 
of the concrete surface compared to unpolished concrete. In practice, achieving a 
polished surface may require an increased amount of cement in the concrete mix or 
a reduction in the water content. Conversely, for rough polishing, special cement or 
surface coating materials are used to enhance the strength of the concrete surface, 
especially in applications like industrial plant floors. 
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  However, if the concrete is mixed with an excess amount of water, it 
can lead to lower abrasion resistance once it hardens. The higher water-to-cement 
ratio at the surface of the concrete reduces the strength of the paste, causing the 
concrete surface and aggregate particles to detach. This can result in surface flaking, 
particularly noticeable on roads or driveways, where the top layer may wear away, 
exposing the underlying rock or coarse aggregates. 

2.5.4 Concrete curing 

  Concrete curing involves maintaining water or moisture in the concrete 
to facilitate the hydration reaction. The formation of cement particles during hydration 
contributes to the development of concrete strength as it ages. Therefore, well-cured 
concrete exhibits higher strength compared to uncured concrete. Increased concrete 
strength is also associated with enhanced corrosion resistance. 

  Curing can also involve controlling the temperature of the concrete. 
Shoukry et al. (2011) found that higher temperatures and moisture levels can decrease 
concrete strength because the elevated temperature accelerates the hydration 
reaction, leading to rapid early strength gain. However, this acceleration may have 
adverse effects on the long-term properties of the concrete. 

  Curing wet concrete for 28 days before subjecting it to physical attack 
can reduce surface scaling as it increases the solid content and decreases concrete 
porosity (Nehdi et al., 2014). Proper curing plays a crucial role in achieving durable and 
resilient concrete structures. 

2.5.5 The number of cavities or voids in the concrete 

  Concrete with a high number of voids will exhibit reduced resistance to 
abrasion. Insufficient coating or bonding of fine aggregate particles by the cement paste 
makes these particles prone to slipping off when subjected to force. Additionally, when 
erosion begins and the concrete surface extends deeper, the presence of cavities or 
spaces within the concrete accelerates the increase in erosion depth, leading to rapid 
damage. 
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  Concrete containing air-entraining additives or having high porosity is 
not suitable for use in structures that will be subjected to severe corrosive conditions. 
Such concrete is more vulnerable to erosion and may not provide the necessary 
durability and longevity in harsh environments. Therefore, it is important to use 
concrete with proper density and bonding to ensure its resistance to abrasion and 
other adverse conditions. 

 

2.6 Saline water effect on concrete 
Haynes and Bassuoni (2011) conducted a study on the deterioration of concrete 

caused by the physical salt attack (PSA) by investigating salt crystallization in the pores 
near the concrete surface. The salts responsible for PSA in concrete are sodium sulfate, 
sodium carbonate, and sodium chloride, with sodium sulfate being the most severe 
(Figure 2.5). 

The permeability and diffusion of salt solutions play a significant role in 
controlling PSA, as the salt crystallization pressure is directly related to the pore size 
of the concrete. Changes in cement composition and hydrate microstructure can 
impact the durability of cementitious materials in environments rich in salts (Nadelman 
and Kurtis, 2019). 

Depending on the type and concentration of salt, typical characteristics of 
concrete deterioration include the formation of crystals or powder upon water loss 
(efflorescence), delamination, and, in some cases, increased cracking that can 
compromise the material's structural integrity. These damages are often observed on 
the surface of materials in direct contact with soil or groundwater and can affect critical 
structural elements like foundations, structures, and dams. The severity of the damage 
is closely related to the pore structure of the material (Lee and Kurtis, 2017). 

Over the years, many researchers have studied the effect of saltwater on 
concrete properties using a mixture of sodium chloride solution to prepare concrete 
or mortar samples. For example, Mbadikea and Elinwab (2011) prepared all 90 
concrete samples for compressive strength testing. They divided the sampling into two 
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groups: group 1 cast using fresh water and group 2 model using saltwater, with all 
groups consisting of 45 samples. The concrete samples were immersed in water for a 
variety of durations of 7, 21, 28, 60, and 90 days. From the test, the chloride and sulfate 
solutions in water result in the strength of concrete is reduced. 

Similarly, Abalaka and Babalage (2011) investigated the effect of 5% and 10% 
NaCl as the curing medium on the compressive strength of concrete samples 
containing 5% rice husk ash (RHA) for curing periods of 3, 7, 14, 21, and 28 days. After 
the curing period, the samples were tested for compressive strength. Figure 2.6 shows 
that concrete samples containing 5% RHA in NaCl solution exhibited a reduction in 
compressive strength, with the strength loss being more significant at early stages of 3 
days and 7 days. At 28 days, the concrete samples with 5% RHA incubated in NaCl 
solution showed higher strength loss compared to other days, indicating a long-term 
loss of compressive strength. This study revealed that RHA-containing concrete was 
more susceptible. The attack of NaCl solution compared to conventional concrete. 

 

 
Figure 2.5 After 104 weeks, concrete samples of partial immersion in (a) 5% sodium 

sulfate solution, (b) 5% sodium carbonate solution and (c) 5% sodium 
chloride solution (Haynes and Bassuoni, 2011). 
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Figure 2.6 The relationship between the compressive strength of concrete and the 

sample curing time (Abalaka and Babalage, 2011).  

 

Guo et al. (2018) investigated the possibility of substituting saltwater in concrete 
mixtures during curing to increase the strength of various concrete grades. The coarse 
aggregate in the concrete samples was crushed stone with a particle size ranging from 
15 to 20 mm, and the binder was regular Portland cement (OPC). Sand with a particle 
size larger than 0.25 mm was employed as a fine aggregate. A total of 192 samples of 
concrete, each measuring 100 x 100 x 100 mm, were produced for testing. Concrete 
samples were put through uniaxial compression testing at ages 7, 14, 28, and 90 days 
to gauge their compressive strength. Concrete test samples were compressed at a 
continuous rate of 4.0 kN/sec until cracking appeared. According to the study's findings, 
using saltwater when mixing or curing concrete has an effect on its strength. Although 
it initially increased the early strength, it ultimately led to a decrease in the total 
strength of the concrete samples. 

Dhondy et al. (2021) conducted a study to examine the impact of concrete 
admixture water salinity on the short-term properties of reinforced concrete. The 
salinity concentrations varied from 0% to 250% of the world average. The study found 
that the shrinkage rate of concrete increased with the salinity of the mixed water, 
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particularly within the first 21 days after casting. At 90 days, the shrinkage of concrete 
mixed with saline water at a salinity of 66 g/l was twice as high as that of concrete 
mixed with tap water. In Figure 2.7, it was observed that water salinity had a slightly 
negative effect on the compressive strength of concrete after 14 days, with concrete 
mixed with 33 g/l of saline water showing higher one-day strength compared to tap 
water. However, over a 90-day period, the compressive strength of concrete mixed 
with salt water at 49.5 g/l was lower than that of concrete mixed with tap water. 

 The high concentration of salts, particularly NaCl in salt water can harm 
concrete constructions. The potential effects of saltwater on concrete include the 
following: corrosion of cement paste, increased permeability, scaling, spalling, and 
changes in hydration products. 

2.6.1 Corrosion of cement plain 

  Niamluang et al. (2018) studied the deterioration of an irrigation building 
structure based on its external appearance and conducted compressive strength tests. 
They found that most of the structure decay was characterized by the degeneration 
of concrete, but it did not affect the building's load-bearing capacity. Additionally, 
water samples were tested, and the water in the deteriorated irrigation area had higher 
salinity, sulfate, and chloride content than other areas. 

2.6.2 Absorption 

  Chandra and Xu (1992) tested mortar samples using freeze-thaw cycles. 
Found that sample expansion depends on the salt concentration gradient. Condition 
of the saline adsorption rate by weight increases with the concentration of NaCl.  

  Saline water can increase the absorption of concrete, allowing more 
water and harmful substances to penetrate the material, increasing damage caused by 
freeze-thaw cycles, chemical attacks, and other environmental factors. 
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Figure 2.7 Strength development of concrete (Dhondy et al., 2021). 

 

2.6.3 Scaling and Spalling 

  Sakr and Bassuoni (2018) investigated the potential use of some surface 
treatments to prevent the triggering conditions of PSA. It found that damage generally 
occurs due to the combined physical and chemical action of a sulfate attack. However, 
for uncoated samples, most deterioration occurs due to PSA. 

  Exposure to salt water can contribute to the scaling and spalling of 
concrete surfaces. The salt crystals formed within the concrete pores expand during 
freeze-thaw cycles, leading to the detachment of thin layers of concrete and surface 
deterioration. 

2.6.4 Hydration products 

  Yang et al. (2022) found that the main corrosion products were ettringite 

crystals, gypsum crystals, and Friedel's salt calcium and carbonate crystals. In general, 

gypsum and ettringite exhibit volume expansion, which has two effects on the internal 

structure of the concrete. First of all, these two crystals grow in the original porosity of 

the concrete, increasing its density and compressive strength. Second, when these two 

crystals have completely filled the original porosity of the concrete, the continuous 
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formation of crystals induces internal pressure on the inner wall of the pore. When 

the internal pressure is greater than the concrete's tensile limit, small cracks will form, 

leading to concrete deterioration and a reduction in its strength. Moreover, Friedel's 

salt is formed by the reaction of Cl- and cement hydration products, and there is no 

synchronization feature. Therefore, the formation of Friedel's salt results in a decrease 

in the cementitious ability of the concrete. It was shown that the corrosion effect 

caused an initial increase in the compressive strength of concrete, followed by a 

decrease. 

 

2.7 Saline water exposure effect on concrete properties 
Be´rube et al. (2003) examined the effects of NaCl on alkali-silica reactivity 

(ASR) at different depths in concrete tank samples. The results indicated that the Cl- 

and Na+ ion concentrations increased in the pore solution of the subsurface layer of 

the concrete exposed to the NaCl solution, while the K+ and OH- ion concentrations 

and the pH decreased. The NaCl solution did not change the chemical properties of 

the pore solution at depths greater than 60-80 mm. In Figure 2.8, a sample 

continuously immersed in 6% NaCl began to expand over time at a higher rate than 

other samples. It may be indicating that NaCl can accelerate ASR over the long term. 

For samples immersed in NaCl solution continuously or intermittently, there is a 

possibility that the overall expansion of the concrete components will increase in the 

long time. 

Xiong and Yu (2015) investigated the mechanical properties of cement in a 

sodium sulfate solution and NaCl. They test on the uniaxial compressive strength and 

measured the ultrasonic pulse velocity. The research found that the compressive 

strength of cement first increases and then decreases with increasing immersion time. 
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He et al. (2020) studied the compressive strength development of mortar 
samples under different immersion conditions. During the immersion period before 28 
days, the compressive strength of the mortar samples immersed in seawater was higher 
than that of mortar immersed in fresh water. However, after 28 days, the compressive 
strength of the cement samples under immersion in seawater decreased, while the 
samples under immersion in freshwater showed a slow increase as the immersion 
period increased, as shown in Figure 2.9. 

 

 
Figure 2.8 Expansion results for the laboratory cylinders (Be´rube et al., 2003). 
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Figure 2.9 Compressive strength development of mortar with ion chelator (MCA) and 

control mortar (CM) submerged in seawater and freshwater over time. (He 
et al., 2020). 

 

Vassuoni and Rahmam (2016) studied the physical salt attack (PSA) that causes 
durability problems when concrete is exposed to salt and cyclic environments. PSA damage 
on concrete manifests as scaling and surface peeling. The deterioration occurs due to salt 
crystallization, with potential chemical reactions between salt ions and cement hydrates 
depending on the material composition and the type of salt present. The results can be 
summarized as follows: The mass loss and microstructure properties showed that in a 
simulated PSA test on concrete over a period of 120 days, the deterioration of the concrete 
mix was mainly due to the crystallization of soluble salts. Thermal, mineralogical, and 
microstructural analyses revealed salt deposits with limited availability of ettringite and 
gypsum. 

Bai et al. (2021) studied the hygroscopic changes of cement mortar under salt attack. 
The results showed that with a higher salt concentration and a longer holding time, the 
moisture absorption increased initially at the beginning of the experiment and then gradually 
decreased. Eventually, the moisture absorption reached a constant level in the subsequent 
period. 

 



23 

Rozgonyi-Boissinot et al. (2021) studied the speed of ultrasonic waves (P and S 
waves) due to salt crystallization in limestone samples according to DIN EN 12370. An 
increase in the ultrasonic wave speed will be observed during the initial salt 
crystallization cycles. However, with additional salt crystallization cycles, the pulse 
speed will reduce. The negative change in wave velocity is linked to the opening of 
small cracks. 

Sui et al. (2023) studied the mechanism of the influence of chloride on the 

hydration kinetics of interface materials using chloride-rich raw materials. The hydration 

rate was accelerating and increasing for both peak silicate and aluminate in the 

presence of chloride. The change in silicate peaks is attributed to the effect of chloride 

ions in the porous solution. 

 

2.8 Saline concentration effect on the mechanical properties of 
concrete  
The effect of salinity on the mechanical properties of concrete can be 

significant or detrimental. Salinity refers to the presence of salts, particularly chloride 
ions, in the environment surrounding the concrete. Here are the effects of salinity on 
the mechanical properties of concrete: compressive strength, elastic modulus, and 
permeability. 

2.8.1 Compressive strength 

  Ming et al. (2017) studied the durability of concrete in a salt environment 
under freeze-thaw and wet-dry cycles. The results showed that the compressive 
strength of concrete decreases with increasing salt concentration and soaking time. 

  Qasim et al. (2020) studied the effects of salt and fresh water on 
concrete properties. The proportion of NaCl was divided into 0, 10, 20, 30, 40, and 50 
g/l and incubated for 7, 14, and 28 days, respectively. Compressive strength decreases 
with increasing salt content. The results from the experiment showed that after salt 
curing for 14 days, the concrete samples had an increase in compressive strength of 
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1%–2% of the salt content. However, the experimental tests also showed that while 
there was an initial increase in concrete properties at certain curing levels, in the end, 
the strength of concrete was reduced by salt curing for 28 days. 

  Althoey (2021) studied the interaction between NaCl solution and 
cement paste, highlighting chemical changes that may occur with a corresponding 
reduction in compressive strength. The cement paste had a water-to-cement ratio of 
0.5, with NaCl concentrations varying at 0, 1, 2, 3, and 4 mol/l at 5 and 25 °C. The 
damage to cement exposed to NaCl solutions was temperature-dependent. No 
calcium hydroxide leaching was observed in contact with sodium chloride, indicating 
that the calcium hydroxide phase is stable in the NaCl solution. Friedel's salts formed 
in the cement paste in contact with the sodium chloride solution, and the amount 
will increase with increasing salt concentration, as shown in Figure 2.10. The 
corresponding volume change in hydrated cement at NaCl concentrations determines 
the stability of Friedel's salt and calcium hydroxide at the focus of the NaCl solution. 
The volumetric expansion of the sample is the main reason for the decrease in 
compressive strength. The results were consistent with Qiao et al. (2018) conclusion 
that the damage was primarily caused by the crystallization pressure associated with 
Friedel’s salt in the porosity. The initial chemical reaction between hydrated cement 
and NaCl involves the formation of Friedel salts (Shi et al., 2011; Sutter et al., 2006; 
Qiao et al., 2018), as shown in equations (2.1) and (2.2). 

 

3CaO • Al2O3 + Ca (OH)2 + 2NaCl + 10H2O → Ca4Al2(OH)12Cl2 • 4H2O + 2NaOH

                    

(2.1) 

Ca4Al2(OH)12SO4 • 6H2O + 2NaCl → Ca4Al2(OH)12Cl2 • 4H2O + Na2SO4 + 2H2O 

                   (2.2) 
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  Considering the equation was a slight volume change. The mechanism 
of chemical damage is hypothesized to be the crystallization pressure of Friedel’s salt 
(Qiao et al., 2018). Valenza et al. (2005) observed volumetric expansion resulting from 
the crystallization pressure of Friedel's salt. 
  High salinity, especially chloride ions, can significantly reduce the 
compressive strength of concrete. Chloride ions penetrate the concrete and disrupt 
the hydration process of the cement, leading to the formation of weaker reaction 
products. This weakens the overall structure of the concrete and diminishes its ability 
to resist compressive forces. 

2.8.2 Elastic modulus 

  Su and Zhang (2014) stated that the dynamic elastic modulus of concrete 
tends to deteriorate over time with prolonged soaking. The dynamic elastic modulus of 
concrete immersed in water undergoes minimal degradation due to the equivalence of 
water immersion to curing. In the case of concrete soaked in a salt solution, the dynamic 
elastic modulus initially experiences an increase in the process, followed by a subsequent 
decrease. This trend suggests that the mechanisms of salt crystallization and chemical 
reactions are not immediately evident in the short term. However, over time, the volume 
expands due to salt crystallization, leading to the small emergence of cracks in the concrete. 
Consequently, the concrete's properties gradually decline, and its dynamic elastic modulus 
enters a phase of decomposition. 
  Althoey and Farnam (2020) examine ordinary Portland cement (OPC) and 
calcium aluminate cement. OPC shows chemical interactions with high concentrations of 
NaCl solutions, mainly due to tribalism aluminate (C3A) and mono-sulfate (AFm) phases. 
These phases may be destructive chemical phase changes during cycling and heating, which 
leads to the development of damage and a decrease in the dynamic modulus of elasticity. 

  Salinity can lower the elastic modulus of concrete, which reflects its stiffness 
or rigidity. Salts can disrupt the structure of the hydrated cement paste, resulting in a less 
compact and weaker matrix. Consequently, the concrete exhibits a lower elastic modulus, 
making it more deformable under stress. 
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2.8.3 Permeability 

  Liu et al. (2014) found that for OPC, calcium was the main parameter 
controlling the pore structure evolution. Although solid hydration products were growing 
during the immersion stage, the condition of calcium leaching was obvious. This conclusion 
is consistent with the study of Wang et al. (2019), which states that calcium leaching and 
salt crystallization coincide with the process of NaCl solution absorption, while the amount 
of leaching and loss of strength will change in a fluctuating characteristic with the 
concentration of the solution. The amount of crystallized salt increases with the certain of 
the resolution. Figure 2.11 shows the SEM images of concrete saturated in deionized water 
and NaCl solution. The observation was that the surface of cement products under 
saturation with deionized water was noticeably rough (Figure 2.11a), with little pores and 
notches. However, chloride saturation may lead to different observations. Figure 2.11b 
shows a smooth surface and dense structure within the concrete. The results are consistent 
with findings from a previous study (Shi et al., 2011), which proposed that NaCl can 
chemically react with partially hydrated cement and form new products in the concrete 
matrix. 

  Cao et al. (2019) studied the effect of salt concentration on chloride-
sulfate interactions. The water-to-cement ratio was determined to be 0.48 after 28 
days of cured with water. The mortar samples were sealed with epoxy (to determine 
one-dimensional diffusion), and then the samples were immersed in a salt solution. In 
the experiments, Cl- first reacted with hydration products to form Friedel's salt in the 
mortar. At the same time, the invasion of ions into the mortar reduces its porosity. 

  Salinity increases the permeability of concrete according to the ingress 
of water and other aggressive substances. Chloride ions can penetrate the concrete 
matrix and reach the reinforcement, initiating and accelerating corrosion. The increased 
permeability also facilitates the movement of moisture, which compromises the 
durability and mechanical properties of the concrete. 
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Figure 2.10 Phase assemblages and total volume of solids for cement paste exposed 
to temperature variations between 25 °C and 5 °C (a) for 0 M NaCl solution 
and (b) for 4 M NaCl solution. CSH: calcium-silicate-hydrate; AFt.: ettringite; 
CH: calcium hydroxid; AFm: monosulfate; FS: Friedel’s salt; KS: Kuzel’s salt. 
(Althoey, 2021). 

 

 

Figure 2.11 Comparison of scanning electron microscopy (SEM) images of the 
specimens immersed with different solutions: (a) Saturated in deionised 
water; (b) Saturated in NaCl solution. (Liu et al., 2021). 

  

 



 

CHAPTER III 
SPECIMEN PREPARATION 

 

3.1 Introduction 
This chapter describes the sample preparation for examining the effects of 

sodium chloride (NaCl) solutions (hereby referred to as saline solutions) on concrete 

deterioration. The investigation involves immersing concrete samples into saline 

solutions with varying concentrations (0%, 25%, 50%, 75%, and 100%) for varying 

immersion duration. To comprehensively understand the chemical degradation of 

concrete, two distinct sample types—cylindrical and cubical specimens—are prepared 

for different testing methodologies. Three meticulously prepared samples represent 

each immersion period and salt concentration, ensuring a robust and comprehensive 

evaluation of the concrete's response to these specified environmental conditions. 

This chapter additionally outlines the granular composition of aggregates, provides the 

findings from a slump test conducted on liquid concrete, and details the density 

measurements of both concrete and mortar specimens. 

 

3.2 Laboratory test plan 
The laboratory testing is divided into two groups, focusing on examining 

properties pertaining to aggregates, concrete, and mortar. 

3.2.1 Aggregate properties test 

The aggregates used for sample preparation consist of coarse aggregates (3/4-

inch crushed stone) and fine aggregates (sand). These materials are tested to examine 

basic physical properties such as grain size distribution and specific gravity, which 

require comprehensive examination. 
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3.2.2 Concrete and mortar properties test 

This group of testing comprehensively assesses fundamental concrete 
properties, including concrete weight, slump value, and compressive strength during a 
curing period extending up to 28 days. Following the 28-day curing period, the samples 
undergo immersion in NaCl solutions for varying concentrations and durations. The 
subsequent evaluation involves testing the compressive strength to evaluate the 
degree of deterioration. Furthermore, concrete samples undergo X-ray diffraction (XRD) 
analysis to discern alterations in mineral composition resulting from hydration 
reactions. Additionally, prepared mortar samples are subject to testing for saline 
absorption capacity and ultrasonic wave velocity, providing valuable insights into 
concrete degradation. 
 

3.3 Materials for concrete and mortar samples, and saline solutions 
preparation 
Materials used in the preparation of concrete and mortar samples consisted of: 

1) Portland cement type I (according to ASTM C39 standards) from "INSEE" 
brand, manufactured by Siam City Cement Public Company Limited (SCCC). 

2) Fine aggregates, specifically river sand (meeting ASTM C33 standards), 
recognized for its cleanliness and suitability for general construction purposes. 

3) Coarse aggregate (according to ASTM C33) with a maximum size of 3/4 inches. 
4) Tap water devoid of acids, alkalis, oils, and any other organic substances in 

quantities detrimental to concrete, ensuring its suitability for use in sample 
preparation. 

Figure 3.1 illustrates the materials used for preparing concrete and mortar samples. 

The brine preparation involved the utilization of rock salt (Figure 3.2) sourced from Nakhon 

Ratchasima province. Dissolving salt in water: 0.00, 89.75, 179.50, 269.25, and 359.00 

grams/liter (by weight) represent different salinity levels from 0%, 25%, 50%, 75%, and 

100% respectively, were prepared for testing. The solubility is 100% at 25°C. The salinity 

levels were measured using a reflectometer. The saline concentration levels were varied 

to 0.00, 89.75, 179.50, 269.25, and 359.00 ppt to cover the study area. 
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Figure 3.1 Portland cement type I (a), 3/4-inch coarse aggregate (b), and fine aggregate 
(c) used to prepare concrete and mortar samples. 
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3.4 Sample preparation and measurement of basic properties 

3.4.1 Coarse and fine aggregate 
  Fine and coarse aggregates were washed to eliminate any clay coating 
on their outer surface. Subsequently, these aggregates were placed in an oven for 
drying. Sieve analysis was performed to classify the particle sizes in compliance with 
ASTM C136 standards. Vibrators and a series of sieve sizes—ranging from 3/4", 1/2", 
3/8", No. 4, 8, 16, 30, 50, 100, 200, and a tray (illustrated in Figure 3.3)—were employed 
for this determination. 

3.4.2 Concrete and mortar samples 

  The samples were formed by blending Portland cement type I with 
cleaned fine and coarse aggregates and tap water. The mixture ratio (cement: fine 
aggregate: coarse aggregate: water) is approximately 1:2:4:0.5 by weight. Fine and 
coarse aggregates were mixed using a concrete mixer (Figure 3.4) for approximately 10 
minutes. Subsequently, water was added to the mixture until the designated quantity 
was attained. Once thoroughly blended, the liquid concrete was poured into the 
cleaned cylindrical mold (Figure 3.5). These cylindrical molds had a diameter of 15 cm 
and a length of 30 cm, according to ASTM C39 standards. 

 

 
Figure 3.2 Rock salt used to prepare saline solution for laboratory tests. 
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Figure 3.3 Analysis of the particle sizes in both the fine and coarse aggregates was 

conducted using a vibrator and sieve method in accordance with ASTM 
C136 standards. This analysis was performed before the aggregates were 
mixed with cement and water. 

 

Figure 3.6 shows the pouring of liquid concrete into the concrete molds. 
The pouring process is divided into three layers, and each layer is compacted using a 
4-pound steel rod (Figure 3.7) with a cross-sectional area of 1 square inch and rounded 
ends. The rod is pressed 35 times per layer to remove air bubbles and prevent voids 
from forming. After pouring the last layer, the surface is smoothed (Figure 3.8). The 
concrete surface is then left to dry. Hemp sacks soaked with water are placed over 
the concrete surfaces (Figure 3.9) to prevent the concrete from drying too quickly. After 
casting the concrete samples for 24 hours, they are carefully removed from the 
formwork (Figure 3.10). The concrete samples are then cured in water for 28 days, as 
shown in Figure 3.11.  
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Furthermore, rectangular mortar samples with nominal dimensions of 
5x5x5 cm3 were prepared. These samples were made from ordinary Portland cement 
(type 1) mixed with fine aggregate (sand) and water, using a cement-sand-water ratio 
of 1:2.75:0.5. The process involved thoroughly hand-mixing clean sand, cement, and 
water for approximately 10 minutes. Subsequently, the mixtures were carefully poured 
into the mortar mold and left undisturbed for 24 hours before removal (Figure 3.12). 
Similar to the preparation of concrete samples, all mortar samples were then cured in 
water for 28 days. Figure 3.13 shows the concrete and mortar samples prepared for 
laboratory testing. 

 

 
 

Figure 3.4 Blending cement with fine aggregate, coarse aggregate, and water was 
accomplished using a concrete mixer. 
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Figure 3.5 Preparing the concrete molds involved scrubbing them with a wire brush 

and applying oil to the formwork, facilitating the easier removal of the 
concrete samples from the molds. 

 

 
Figure 3.6 The liquid concrete is systematically poured into the cylindrical mold in 

three layers until it reaches the brim, effectively filling the mold. 
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Figure 3.7 Steel rods are used to prod the liquid concrete, eliminating air bubbles, 
and ensuring complete filling within the mold. 

 

 

Figure 3.8 Smoothing the surface of the concrete mold is crucial to ensure optimal 
contact surfaces, necessary for conducting precise compressive strength 
tests on the concrete samples. 

 



36 

 

Figure 3.9 After casting, the samples are covered with a hemp sack and left to set 
before being removed from the mold. 

 

 
 

Figure 3.10 Removing concrete samples from concrete mold. 
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Figure 3.11 The concrete samples were submerged in tap water for a curing period 
of up to 28 days. 

 

 
 

Figure 3.12 Removing the mortar sample from the mold. 
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Figure 3.13 Example of concrete and mortar samples prepared for laboratory testing. 

 

3.5 Basic parameter test 
Some basic properties of aggregate and liquid concrete are tested in the 

laboratory including grain size distribution of fine and coarse aggregate, properties of 
liquid concrete and mortar properties. The details are as follows: 

3.5.1 Grain size distribution of aggregate 
  Fine and coarse aggregates are cleaned and then dried before being 
tested to determine the mix size using sieves (ASTM C136) of sizes 3/4 inches, 1/2 
inches, 3/8 inches, No. 4, 8, 16, 30, 50, 100, 200, and tray, respectively. The results are 
shown in Figure 3.14 

3.5.2 Concrete slum test  

  In this test, a conical mold with a diameter of 10 cm at the top, 20 cm 
at the base, and a height of 30 cm. Liquid concrete is poured into the mold and divided 
into three layers, each layer standardized to the same volume. Each layer is tamped 
25 times with a round rod to ensure consolidation. Subsequently, the base is leveled 
and set aside. The measurement of center collapse obtained from the concrete slum 
test is shown in Figure 3.15. The concrete subsides uniformly after the slump cone is 
removed. The slump values for the liquid concrete fall within the range of 18 to 20 
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cm (Table 3.1). The slump shape conforms to the “true slump pattern” which indicates 
an acceptable slump characteristic. A true slump indicates that the concrete mix has 
the appropriate water content and is suitable for its intended use. Tables 3.2 
summarize the basic parameters of mortar samples prepared for the test by density-
saturated mortar samples with dry surface conditions. Table 3.3 summarize the basic 
parameters of concrete samples prepared for the test. 

 

 

Figure 3.14 Measurement of the collapse of fresh concrete. 

 

Table 3.1 Slump test results obtained for liquid concrete. 

Preparing Date 
(Date-Month-Year) 

Collapse value  
(cm) 

Mean collapse value  
(cm) 

24-3-2022 18  
 

19 
25-3-2022 20 
26-3-2022 18 
27-3-2022 21 
29-3-2022 20 
30-3-2022 18 
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Table 3.2 Mortar samples used for saline absorption and wave velocity test. 

Sample 
No. 

Preparing Date 
(D-M-Y) 

Salinity 
(%) 

Weight 
(kg) 

Density-saturated  
(g/cm3) 

A1 5-4-2565 0 239.08 2.13 
A2 4-4-2565 0 251.38 2.19 
A3 6-4-2565 0 255.92 2.19 
A4 7-4-2565 25 241.34 2.14 
A5 29-3-2565 25 247.76 2.15 
A6 7-4-2565 25 241.30 2.23 
A7 4-4-2565 50 247.60 2.15 
A8 25-3-2565 50 266.70 2.17 
A9 5-4-2565 50 249.60 2.10 
A10 31-3-2565 75 251.90 2.13 
A11 4-4-2565 75 249.80 2.13 
A12 5-4-2565 75 251.50 2.18 
A13 24-3-2565 100 242.00 2.16 
A14 4-4-2565 100 252.60 2.12 
A15 24-3-2565 100 251.70 2.16 
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Table 3.3 Basic properties of concrete samples prepared for laboratory testing. 

Sample 
No. 

Preparing Date 
(D-M-Y) 

Diameter 
(cm) 

Length 
(cm) 

Weight 
(kg) 

Density 
(g/cm3) 

C-7-1 24-3-2565 14.86 30.16 11.14 2.13 
C-7-2 24-3-2565 15.04 29.86 11.16 2.10 
C-7-3 24-3-2565 14.88 30.17 11.44 2.18 
C-14-1 24-3-2565 15.25 29.97 12.76 2.33 
C-14-2 24-3-2565 15.08 29.91 12.54 2.35 
C-14-3 24-3-2565 15.04 30.47 12.72 2.35 
C-21-1 30-3-2565 15.19 30.26 12.44 2.27 
C-21-2 30-3-2565 15.01 30.02 12.64 2.38 
C-21-3 30-3-2565 15.05 30.13 13.06 2.44 
C-28-1 24-3-2565 15.02 30.08 12.78 2.40 
C-28-2 24-3-2565 15.00 30.00 12.62 2.37 
C-28-3 24-3-2565 14.96 29.99 12.48 2.34 
M0-0-1 24-3-2565 15.00 30.21 12.64 2.37 
M0-0-2 24-3-2565 15.40 30.30 12.94 2.29 
M0-0-3 24-3-2565 15.00 30.10 12.68 2.38 
M1-0-1 27-3-2565 15.10 30.10 12.82 2.38 
M1-0-2 27-3-2565 15.10 29.86 12.90 2.41 
M1-0-3 27-3-2565 15.10 30.51 13.12 2.40 
M1-25-1 29-3-2565 15.10 30.22 12.84 2.37 
M1-25-2 29-3-2565 15.20 30.21 12.86 2.34 
M1-25-3 29-3-2565 15.10 30.21 12.76 2.36 
M1-50-1 24-3-2565 15.10 30.38 12.90 2.37 
M1-50-2 26-3-2565 15.10 30.16 12.88 2.38 
M1-50-3 26-3-2565 15.20 29.93 12.52 2.30 
M1-75-1 26-3-2565 15.00 29.95 12.64 2.39 
M1-75-2 26-3-2565 15.00 30.09 12.72 2.39 
M1-75-3 26-3-2565 15.30 30.06 12.98 2.35 
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Table 3.3 Basic properties of concrete samples prepared for laboratory testing. (cont.) 

Sample 
No. 

Preparing Date 

(D-M-Y) 

Diameter 
(cm) 

Length 
(cm) 

Weight 

(kg) 
Density 
(g/cm3) 

M1-75-3 26-3-2565 15.30 30.06 12.98 2.35 
M1-100-1 25-3-2565 15.10 30.08 12.70 2.36 
M1-100-2 25-3-2565 15.10 30.10 12.86 2.38 
M1-100-3 25-3-2565 15.20 30.02 12.96 2.38 
M2-0-1 25-3-2565 15.04 30.02 12.70 2.38 
M2-0-2 27-3-2565 15.19 30.07 12.80 2.35 
M2-0-3 27-3-2565 14.93 30.30 12.90 2.43 
M2-25-1 25-3-2565 15.00 29.96 12.74 2.41 
M2-25-2 29-3-2565 14.98 30.06 12.82 2.42 
M2-25-3 25-3-2565 15.00 29.78 12.68 2.41 
M2-50-1 25-3-2565 14.84 30.06 12.60 2.42 
M2-50-2 30-3-2565 15.27 30.09 12.84 2.33 
M2-50-3 30-3-2565 15.00 30.14 12.62 2.37 
M2-75-1 26-3-2565 15.08 29.68 12.74 2.40 
M2-75-2 26-3-2565 15.00 30.16 12.70 2.38 
M2-75-3 25-3-2565 15.02 30.06 12.70 2.38 
M2-100-1 25-3-2565 15.14 29.97 13.06 2.42 
M2-100-2 25-3-2565 15.10 29.96 12.70 2.37 
M2-100-3 25-3-2565 14.99 30.08 12.80 2.42 
M3-0-1 27-3-2565 15.06 29.99 12.82 2.40 
M3-0-2 27-3-2565 15.08 30.08 12.82 2.39 
M3-0-3 27-3-2565 15.03 29.94 12.80 2.42 
M3-25-1 29-3-2565 15.09 30.01 12.86 2.40 
M3-25-2 29-3-2565 15.11 30.44 13.10 2.40 
M3-25-3 29-3-2565 15.10 29.74 12.76 2.39 
M3-50-1 26-3-2565 15.10 30.38 13.18 2.42 
M3-50-2 30-3-2565 15.10 29.75 12.70 2.38 
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Table 3.3 Basic properties of concrete samples prepared for laboratory testing. (cont.) 

Sample No. Preparing Date 

(D-M-Y) 

Diameter 
(cm) 

Length 
(cm) 

Weight 

(kg) 
Density 
(g/cm3) 

M3-50-3 30-3-2565 15.01 30.08 12.76 2.39 
M3-75-1 26-3-2565 15.00 30.00 12.92 2.44 
M3-75-2 25-3-2565 15.02 29.94 12.92 2.43 
M3-75-3 26-3-2565 15.02 29.94 12.70 2.39 
M3-100-1 25-3-2565 15.12 30.15 12.76 2.36 
M3-100-2 24-3-2565 14.97 29.96 12.88 2.44 
M3-100-3 24-3-2565 15.04 30.23 12.84 2.39 
M6-0-1 27-3-2565 15.04 30.24 12.74 2.371 
M6-0-2 27-3-2565 15.19 30.20 12.80 2.339 
M6-0-3 27-3-2565 15.08 30.13 12.78 2.374 
M6-25-1 29-3-2565 15.13 30.16 13.14 2.423 
M6-25-2 29-3-2565 15.04 30.03 12.92 2.413 
M6-25-3 29-3-2565 15.10 30.51 13.04 2.386 
M6-50-1 25-3-2565 14.90 30.18 13.00 2.469 
M6-50-2 25-3-2565 14.91 30.51 12.90 2.419 
M6-50-3 30-3-2565 14.67 29.96 12.74 2.515 
M6-75-1 26-3-2656 14.80 30.10 12.74 2.461 
M6-75-2 26-3-2565 14.79 29.99 12.64 2.453 
M6-75-3 26-3-2565 14.79 29.88 12.62 2.458 
M6-100-1 24-3-2565 14.89 29.93 12.78 2.451 
M6-100-2 25-3-2565 14.98 29.97 12.86 2.433 
M6-100-3 25-3-2565 14.85 29.92 12.72 2.454 

M12-0-1 27-3-2022 14.82 30.04 12.66 2.442 

M12-0-2 27-3-2022 15.06 30.24 13.16 2.442 

M12-0-3 24-3-2022 14.74 29.82 12.62 2.479 

M12-25-1 29-3-2022 14.82 30.14 12.78 2.457 

M12-25-2 29-3-2022 14.86 30.26 12.84 2.446 
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Table 3.3 Basic properties of concrete samples prepared for laboratory testing. (cont.) 

Sample No. Preparing Date 
(D-M-Y) 

Diameter 
(cm) 

Length 
(cm) 

Weight 
(kg) 

Density 
(g/cm3) 

M12-25-3 29-3-2022 14.94 29.98 12.76 2.427 
M12-50-1 30-3-2022 14.90 30.50 13.14 2.470 
M12-50-2 30-3-2022 14.88 30.04 12.82 2.453 
M12-50-3 30-3-2022 14.94 30.32 13.16 2.475 
M12-75-1 26-3-2022 14.82 29.90 12.80 2.481 
M12-75-2 26-3-2022 14.84 30.32 12.90 2.459 
M12-75-3 26-3-2022 14.76 30.16 12.82 2.483 
M12-100-1 25-3-2022 14.96 29.90 12.90 2.454 
M12-100-2 25-3-2022 14.84 30.04 12.78 2.459 
M12-100-3 25-3-2022 14.82 30.00 12.80 2.472 

 

 

 



 

CHAPTER IV 
LABORATORY TESTS 

 

4.1 Introduction 
This chapter describes the test methods, apparatus, and calculations for the 

strength, elastic parameters, mineral composition, percent saline absorption, and wave 

velocities through specimens. The laboratory test includes the uniaxial compression 

test, X-ray diffraction analysis, saline absorption test, and ultrasonic pulse velocity 

measurements. The tests were conducted on both concrete and mortar specimens, 

as depicted in Figure 4.1. 

 

4.2 Uniaxial compression test 
After immersing in the saline solution for durations of 0, 1, 2, 3, 6, and 12 

months, the saturated concrete samples, characterized by dry surface conditions, were 

tested to determine the compressive strength of the concrete. The concrete's 

compressive strength assessment within this study involved two distinct 

methodologies: 1) the indirect compressive strength evaluation, conducted using the 

Schmidt rebound hammer (ASTM C805), and 2) the direct compressive strength (ASTM 

C39) determination through the uniaxial compressive strength test.  

4.2.1 Schmidt rebound hammer test  
 The Schmidt rebound hammer testing is a simple method and 

commonly used to determine the indirect compressive strength of concrete and rock 

due to its cost-effectiveness and ease of handling (Buyuksagis and Goktan, 2007). It can 

be performed either in the field or in the laboratory to obtain preliminary information 

about the relative quality of the material being examined. The mechanism involves a 

spring-loaded mass released against the piston, and the hammer is pressed against the 
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surface of the test material (Figure 4.2). During the impact of the piston against the 

surface, the resulting mass contraction leads to a rebound distance. This distance is 

directly proportionate to the total energy absorbed by the impacted surface. The 

rebound distance of the piston is read directly from the numerical scale on the 

instrument and is referred to as the rebound number (R) according to ASTM C805. Ten 

points are assessed using the Schmidt rebound hammer on both the end surface (a) 

and the outer surface (b) of the concrete sample (Figure 4.3). The compressive 

strengths are determined using the rebound hammer calibration chart as shown in 

Figure 4.4. 

 

 

Figure 4.1 Concrete and mortar samples prepared for laboratory test.
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Figure 4.2 Schmidt rebound hammer testing of a concrete sample. 

 

 

 

Figure 4.3 Ten points were assessed using the Schmidt rebound hammer on both the 
end surface (a) and outer surface (b) of the concrete sample. 
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Figure 4.4 The rebound hammer calibration chart for determining the compressive 
strength (for the concrete cylinder dimensions of diameter = 150 mm and 
length = 300 mm). 

 

4.2.2 Uniaxial compression test 
 The determination of uniaxial compressive strength and elastic 

parameters involves subjecting specimens to axial loading at a consistent rate of 0.1 

MPa/s, as recommended in ASTM C39 standards. This process requires placing the 

concrete sample within a compression machine and applying axial stress until failure 

occurs. Throughout this procedure, the axial displacements are measured and 

recorded using dial gauges to monitor the specimen's behavior under load, which is 

used to calculate the elastic modulus of concrete samples. Figure 4.5 illustrates the 

setup utilized for conducting the concrete compressive strength test. The post-test 

concrete samples are shown in Figure 4.6. The sample experiences failure due to 

tension-induced fractures and shear failure modes. 
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Figure 4.5 Test setup for the compressive strength tests of concrete sample. 

 

 The compressive strength of concrete (c) can be calculated from the 

following equation. 

c = P/A (4.1)  

where P is the maximum pressure measured at the failure point of the concrete 

sample. A is the original cross-sectional area of the concrete sample (A =  D2/4). The 

axial strain () under uniaxial compression can be used to calculate the elastic 
modulus (E) of concrete based on a general equation 4.2 and 4.3, as follows: 

 = ∆L/L (4.2) 

E =  (4.3) 

where ∆L is change in the length of the concrete sample within the original length (L).  
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Figure 4.6 Pre-tested and post-tested concrete samples for the uniaxial compression tests. 

 

4.3 X-ray diffraction analysis 
The X-ray diffraction (XRD) is a method that utilizes X-rays for both qualitative 

and quantitative evaluation. This technique, tested according to ASTM C1365, 
determines the crystal structure of chemicals within a sample. The X-ray diffraction 
analysis method is based on directing an X-ray source towards a sample of concrete 
powder through a sieve, resulting in diffraction and reflection at various angles 
(typically ranging from 10 to 80 degrees in studies), with a detector serving as a receiver. 
The composition and structure of a substance can be revealed by different degrees of 
X-ray diffraction at these angles, based on its form and crystal nature. The sample's 
crystal structure is then studied using these findings, providing insights into the type of 
substance present. 

 Post-tested samples from the uniaxial compression test were then 

subsequently analyzed using X-ray diffraction (XRD). A representative specimen taken 
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from the outer surface of the sample is crushed to yield concrete powder particles 

smaller than 0.25 mm (mesh #60), totaling at least 20 grams. The mineral compositions 

of the powdered concrete specimen are analyzed using X-ray diffraction (XRD) via the 

X-ray Diffractometer-D8 phaser (Figure 4.7). The DIFFRAC.EVA software identifies the 

composition based on this fingerprint, subsequently quantified using TOPAS software. 

The results obtained here can be used to explain the concrete deterioration resulting 

from immersion in a saline solution. 

 In these testing methods, five primary minerals are examined: two forms of 

calcium silicate (C3S, C2S), tricalcium aluminate (C3A), tetracalcium aluminoferrite 

(C4AF), and Halite (NaCl), over immersion periods of 0, 1, 2, 3, 6, and 12 months. These 

minerals are the products induced from hydration reaction between cement 

compounds and water causes the formation and hardening of the concrete. The 

hydration reaction of calcium silicate (C3S, C2S) in cement occurs when it reacts with 

water to form Ca (OH)2 and calcium silicate hydrate (CSH). The hydration reaction of 

tricalcium aluminate (C3A) is instantaneous and contributes to the rapid hardening of 

the cement paste. The hydration reaction of tetracalcium aluminoferrite (C4AF) is 

similar to the reaction in C3A, but it is slower and generates less heat. Gypsum was 

found to retard the reaction of C4AF more than that of C3A. 

 

Figure 4.7 X-ray diffraction analysis equipment, (a) concrete powder, and (b) X-ray 
Diffractometer-D8 Phaser. 
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4.4 Saline absorption test 
Saline absorption tests were performed on cubic mortar samples submerged 

in saline solutions of varying concentrations (0%, 25%, 50%, 75%, and 100%) 
throughout immersion periods of 0, 1, 2, 3, 6, and 12 months. The testing procedure 
followed ASTM 1585 standards. Initially, the saturated mortar samples with dry surface 
conditions were weighed. Following this, they were placed in an oven set at 80±5 °C 
for 24 hours.  This process aimed to measure the weight variations and saline 
absorption of mortar samples. 

The percentage of saline absorption (by weight) was then calculated using 
Equation 4.4 to determine the brine absorption: 

%Absorption = ((W-D)/D) x 100 (4.4) 

where W is the weight of saturated mortar samples with dry surface conditions after 
immersion in saturated brine. D is the dry in oven weight of the mortar sample. 

Throughout the test, the weight of the mortar samples was measured and 
recorded for each immersion time in saline solution to calculate the percentage of 
saline absorption (by weight). All the collected data were utilized to investigate the 
behavior of deteriorating mortar due to saline absorption. 

 

4.5 Ultrasonic pulse velocity measurements 
The wave velocity test was conducted using an OYO Sonic Viewer 170 (model 

5338), as shown in Figure 4.8. This test utilizes a mortar sample to determine dynamic 
properties by measuring the velocities of primary and secondary waves as they pass 
through the specimen. The procedures adhere to ASTM C597-97 standards, and the 
results are used to analyze concrete deterioration. 

Ultrasonic pulse velocity testing through solid materials or concrete involves 
generating two types of waves using wave generators: the primary wave, or P-wave, 
and the secondary wave, or S-wave. The wave velocities in different concrete types 
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are determined by the mechanical and physical properties of the concrete, expressed 
by Equations 4.5 and 4.6. 

Vp = ((+2G))0.5 (4.5) 

Vs = (G/)0.5 (4.6) 

where VP and VS are the primary and secondary wave velocities, respectively.  and G 
is the Lame's constant and  is the density of concrete. 

The dynamic Poisson's ratio and dynamic elastic moduli are determined using 
Equations 4.7 and 4.8. 

d = [(Vp
2-Vs

2)-2]/[2(Vp
2/Vs

2)-1] (4.7) 

Ed = 2(1+ d) VS
2 (4.8) 

where VP and VS are the primary and secondary wave velocities, respectively. d and 
the dynamic Poisson's ratio, and  is the density of concrete. 

The ultrasonic pulse velocity measuring device consists of a signal transmitter 
and receiver connected to both ends of the concrete and a digital display screen 
showing the results from measurement (Figure 4.8). Preceding each wave velocity 
measurement, the contact surface of the mortar sample was dried, and the transmitter 
was positioned for the assessment, ensuring consistent and uniform pressure.  Various 
research works have employed sonic rate techniques to evaluate concrete properties; 
however, these studies often neglected the assessment of concrete admixture 
parameters, such as water/cement ratio, on the propagation of ultrasonic waves in 
concrete (Abo-Qudais S.A., 2005). In this study, wave velocity measurement was 
employed to document and analyze the wave velocity of mortar samples across 
different immersion periods (0, 1, 2, 3, 6, and 12 months) immersed in saline solution, 
aiming to comprehend the physical behavior of the mortar. 
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Figure 4.8 Wave velocity test apparatus performed using OYO Sonic Viewer 170 

(Model5338). 

 

 



 

CHAPTER V 
TEST RESULTS 

 

5.1 Introduction 
The aim of this study is to investigate the time-dependent reduction in 

compressive strength of concrete when samples are constantly immersed in various 

concentrations of saline solutions. Moreover, X-ray diffraction (XRD) analysis was 

conducted to assess the change in mineral composition resulting from hydration 

reactions occurring within the concrete. The result is expected to reveal and support 

the cause behind the reduction in compressive strength of concrete. Two additional 

tests include saline absorption and ultrasonic pulse velocity tests on mortar samples. 

These tests were carried out to corroborate the progressive deterioration of concrete 

under immersion in saline solution over time. The study presents compressive strength, 

mineral composition variation, saline absorption, and P-wave and S-wave velocities as 

functions of saline concentration and immersion time. 

 

5.2 Uniaxial compression test 
The uniaxial compressive strength tests were conducted on concrete samples 

cured for 7, 14, 21, and 28 days to demonstrate a progressive increase in concrete 

compressive strength corresponding to the elapsed curing time. The compressive 

strength at 28 days of curing was utilized as a benchmark for comparing the 

compressive strength of concrete samples subjected to varying durations of 

submersion in saline solution. A summary of the test results is provided in Table 5.1. 

The compressive strength of concrete increases rapidly in the first seven days of curing. 

After that, it will gradually increase until reaches its peak at 28 days (Figure 5.1). 
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To study the effect of saline solution on compressive strength of concrete, 
after the 28-day curing period, the samples were subsequently immersed in a saline 
solution with varying concentrations of 0%, 25%, 50%, 75%, and 100%. The samples 
were continuously immersed in the saline solution for 0, 1, 2, 3, 6, and 12 months. 
Subsequently, non-destructive testing was performed on the samples using the 
Schmidt rebound hammer test and the uniaxial compressive strength test using a 
compression machine. The test results are summarized in Table 5.2. The results 
indicate the compressive strength of concrete obtained from direct and indirect 
methods decreases with increases in immersion time. High saline concentrations led 
to a more pronounced reduction in compressive strength compared to samples 
exposed to lower saline concentrations (Figure 5.2 and Figure 5.3). For samples 
immersed in 0% concentration (tap water), there was no observable alteration in the 
compressive strength of the concrete. The Schmidt rebound hammer test (indirect 
method) provides 1.6 times higher compressive strength values than the uniaxial 
compressive strength test (direct method). 

 

Table 5. 1  The compressive strength of concrete was obtained for concrete samples 
cured for 7, 14, 21, and 28 days. 

Curing Time 
(day) 

Compressive Strength, c  

(ksc) 

7 189  27.73 

14 218  24.25 

21 225  9.46 

28 242  6.91 
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Figure 5.1 Development of concrete compressive strength and curing time. 
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Table 5.2 Direct and Indirect compressive strength and elasticity parameters of 
concrete.  

Saline 
Concentration 

(%) 

Immersion 
Time  

(month) 

Compressive Strength, c (ksc)  Elastic 
Modulus, E 

(GPa) 
Indirect 
Method 

Direct  
Method 

 
 
0 

0 283  13.32 181  8.96 5.350  1.84 
1 284  6.03 181  6.08 4.362  1.02 
2 283  8.00 181  5.51 3.824  0.52 
3 285  1.15 181  3.79 3.539  0.41 
6 284  7.21 181  2.89 3.349  0.47 
12 284  1.00 182  5.51 3.322  1.00 

 
 

25 

0 283  13.32 181  8.96 5.350  1.84 
1 272  6.43 178  16.52 4.191  2.42 
2 258  8.14 172  3.79 3.592  1.07 
3 249  6.43 164  7.51 3.284  0.54 
6 239  2.08 159  26.10 3.080  0.49 
12 194  23.46 150  10.02 2.957  1.00 

 
 

50 

0 283  13.32 181  8.96 5.350  1.84 
1 260  4.73 173  1.00 4.025  0.96 
2 244  5.51 161  11.59 3.233  0.70 
3 234  4.51 150  10.02 2.971  2.27 
6 223  3.79 141  16.52 2.799  2.81 
12 178  22.19 129  6.51 2.706  1.00 

 
 

75 

0 283  13.32 181  8.96 5.350  1.84 
1 247  4.73 169  0.58 3.902  1.60 
2 230  18.34 154  2.52 3.002  0.91 
3 219  22.37 141  9.29 2.693  0.38 
6 208  7.64 126  3.61 2.434  0.50 
12 161  10.41 117  6.03 2.346  1.00 

 
 

100 

0 283  13.32 181  8.96 5.350  1.84 
1 219  14.18 164  8.50 3.438  1.00 
2 205  16.97 147  9.64 2.537  0.98 
3 189  9.02 131  4.04 2.231  1.09 
6 178  1.00 114  1.00 2.000  0.32 
12 133  1.53 105  6.24 1.817  1.00 
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Figure 5.2 Compressive strength as a function of immersion time obtained from 

Schmidt rebound hammer test (indirect method) conducted on samples 
exposed to different levels of saline concentration. 

 
Figure 5.3 Compressive strength as a function of immersion time obtained from 

uniaxial compression test (direct method) conducted on samples exposed 
to different levels of saline concentration. 
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Figures 5.2 and 5.3 both demonstrate a consistent trend of decreasing 
compressive strength in correlation with prolonged immersion duration. Specifically, 
within the initial 0 to 3 months, there was a gradual decline in the concrete's 
compressive strength. During the 6 to 12-month period, a notable acceleration in the 
decrease of compressive strength in the concrete samples was observed. This 
highlights the influential impact of immersion time on concrete deterioration. Notably, 
under high saline concentrations, the compressive strength declined significantly faster 
compared to samples immersed into lower concentrations. 

Several factors can contribute to the observed difference between the Schmidt 
rebound hammer and uniaxial compression tests. Some of these factors include:  

1. Test Principle and Assumptions: The Schmidt rebound hammer test and 
the uniaxial compressive strength test are based on different principles 
and make different assumptions about the behavior of the material under 
stress. The underlying principles, test setup, and the specific properties 
being measured can result in variations in the measured values. 

2. Testing Techniques: The two tests employ different techniques to assess 
the compressive strength of the material. The Schmidt rebound hammer 
test measures the rebound velocity of a hammer striking the surface of 
the material, while the uniaxial compressive strength test applies a 
uniaxial load until failure. The variations in the testing techniques can 
introduce differences in the measured values. 

3. Loading Conditions: The loading conditions in the uniaxial compressive 
strength test involve applying a uniaxial load along a single axis until 
failure. On the other hand, the Schmidt rebound hammer test applies an 
impact load to the surface of the material. The difference in loading 
conditions can affect the stress distribution within the material and 
contribute to variations in the measured values. 

The elastic modulus or modulus of elasticity is a material property that 

describes its stiffness or ability to deform under stress. It represents the ratio of stress 

to strain within the elastic range of a material. It was found that concrete's ability to 
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deform under stress when subjected to constant immersion in a sodium chloride 

solution resulted in a decrease in Young's modulus. As time progressed, there was a 

continual decrease in Young's modulus. Additionally, higher levels of salinity 

exacerbated this reduction, as shown in Figure 5.4. The observed decrease in Young's 

modulus poses a potential risk of inducing enduring damage to the concrete structure 

over the long-term period. 

 

 
Figure 5.4 Correlation between Young's modulus and immersion time for concrete.  
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5.3 X-ray diffraction analysis 
The X-ray diffraction analysis (XRD) can detect hydration reactions in concrete when 

certain mineral phases undergo structural changes due to the incorporation of water 

molecules into their crystal lattice. These hydration reactions primarily occur with 

cementitious materials, such as Portland cement, which is a key component of concrete. 

During the hydration process of cement, various mineral phases, including calcium silicates, 

calcium aluminate, and calcium hydroxide, react with water to form new hydrated 

compounds. The most significant hydration product in cement is calcium silicate hydrate 

(CSH) gel, which greatly contributes to the strength and durability of the mortar. 

In this experiment, the mortar samples are immersed in a saline (NaCl) solution. 

The presence of chloride ions (C-) results in chemical reactions with minerals within the 

mortar sample: calcium silicate (C3S, C2S), tricalcium aluminate (C3A), and tetra calcium 

aluminoferrite (C4AF), ultimately leading to the deterioration of the concrete sample. The 

XRD pattern of cement powder is presented in Figure 5.5.  

The samples immersed in approximately 0% salinity have a higher C3S and C2S 

content compared to samples immersed in 100% salinity. The samples subjected to 100% 

salinity have the lowest proportions of C3S at 44.74% and C2S at 21.66%. Conversely, 

samples exposed to 0% salinity showcase the highest C3S and C2S percentages at 58.62% 

and 35.77%, respectively. This difference arises because 100% salinity conditions can prompt 

the formation of chloride-bearing phases like Friedel's salt (calcium chloride hydrate), 

ettringite (calcium aluminate sulfate hydrate), or other compounds containing chlorides 

within the concrete matrix. These findings illustrate a reduction in C3S and C2S content as 

salinity levels increase. Notably, the highest values are approximately 1.3 times greater than 

the lowest recorded values. Changes in the amount of C3S and C2S may be due to chemical 

reactions with chloride ions in saline solution, which causes changes in the mineral structure. 

This evidence strongly implies that a chemical reaction between chloride ions and C3S and 

C2S occurred during immersion. 
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Conversely, the results as shown in Table 5.3, indicate that the percentages of 

C3A and C4AF increased proportionally with the increasing in saline concentration. The 

sample tested under 0% saline concentration demonstrates C3A and C4AF percentages 

of roughly 3.66% and 1.95%, respectively. Conversely, the sample exposed to 100% 

saline concentration displays the highest recorded percentages, with C3A at around 

10.97% and C4AF approximately at 11.58%. The highest values are about 3.0 and 6.0 

times the lowest ones. The change in C3A and C4AF may be due to the hydration 

reaction of concrete occurring at the mineral phases consequently, the mineral is 

changed. These lead to the formation of chloroaluminate compounds and can react 

with tetra calcium alumino ferrite to form chloroaluminate hydrates, such as Friedel's 

salt. This indicates an increase in C3A and C4AF within the concrete. 

According to the measurements documented in Table 5.3, there were no 

detectable traces of NaCl percentage found in the samples immersed in the 0% 

solution. The sample immersed in 100% saline concentration gives the highest NaCl 

percentage, measuring approximately 11.05%. This observation found that the NaCl 

content increased with increasing immersed times and salinity, as shown in Figure 5.5. 

The samples immersed in a high saline concentration will crystallize in large quantities. 

The salt crystals do not cause the concrete to increase in strength. On the other hand, 

it will cause the expansion of the concrete voids and lead to a decrease in the 

compressive strength of concrete. 
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Figure 5.5 The XRD pattern of cement powder 

 

 

Figure 5.6 Correlation between percentage of sodium chloride (NaCl) and immersion 
time under various saline concentrations. 
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Table 5.3 Mineral composition of concrete samples. 

Immersion 

(months) 

Salinity 

(%) 

C3S 

(%) 

C2S 

(%) 

C3A 

(%) 

C4AF 

(%) 

NaCl 

(%) 

Initial - 58.62 35.77 3.66 1.95 0 

1  

 

0 

58.58 35.41 3.98 2.03 0 

2 58.25 34.66 4.64 2.45 0 

3 58.02 33.84 5.24 2.90 0 

6 57.34 32.73 6.37 3.56 0 

12 55.56 30.19 8.75 5.50 0 

1  

 

25 

58.38 33.41 4.00 2.19 2.02 

2 58.14 31.38 5.06 2.90 2.52 

3 57.88 29.13 6.97 3.02 3.00 

6 56.98 28.09 7.33 3.88 3.72 

12 50.06 27.55 8.43 6.42 7.54 

1  

 

50 

58.23 32.06 4.21 2.29 3.21 

2 57.90 29.48 5.48 2.94 4.20 

3 57.28 27.89 7.20 3.20 4.43 

6 55.39 27.44 7.96 3.95 5.26 

12 49.83 26.96 9.12 5.88 8.21 

1  

 

75 

58.03 30.54 5.17 2.37 3.89 

2 57.70 29.07 5.64 3.23 4.36 

3 56.33 27.80 7.69 3.62 4.56 

6 54.21 26.80 8.43 4.67 5.89 

12 47.30 22.24 10.09 9.90 10.47 

1  

 

100 

57.07 30.51 5.61 2.68 4.13 

2 56.87 28.57 6.38 3.72 4.46 

3 55.63 27.65 7.35 3.97 5.40 

6 53.51 25.65 9.05 5.08 6.71 

12 44.74 21.66 10.97 11.58 11.05 
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5.4 Saline absorption 
The experiment to measure saline absorption of mortar samples are 

performed under difference saline concentration and various immersion time. The 

results show that the saline absorption percentage tends to increase over time (Figure 

5.7). For all saline concentrations, the absorption of saline during the initial 0 to 1 

month immersion period showed a rapid increase. Subsequently, following this initial 

month, the saline absorption demonstrated a gradual increase before reaching a 

constant. The rise in saline absorption percentage directly contributed to an increase 

in the weight of the mortar samples, aligning with the observed trend of increased 

density in the mortar samples over prolonged soaking periods in high saline 

concentrations. 

As shown in Figure 5.8, there was an evident increase in the density of the 

mortar samples over time. Normally, the loss of water from the mortar leads to a 

reduction in volume while maintaining a relatively constant mass. The decrease in 

volume with constant mass results in an increased density, indicating that the density 

of the mortar samples increases when immersed in the saline solution. It can be 

concluded that when the mortar is immersed in a saline solution, it allows to absorb 

and retain sodium chloride into its microstructure. The saline absorption test provides 

valuable information about the mortar's susceptibility to chloride ingress and its 

potential for corrosion and deterioration. The increased absorption of salts suggests 

that the mortar may be at a higher risk of chloride-induced corrosion in practical 

applications, particularly in environments where exposure to chloride-rich conditions 

is prevalent. 
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Figure 5.7 Correlation between saline absorption and immersion time under various 

saline concentrations. 

 

 
Figure 5.8 Correlation between density of mortar and immersion time under various 

saline concentrations.

 



68 

Sodium chloride, as an ionic compound, dissociates into sodium ions (Na+) and 
chloride ions (Cl-) when in solution. The presence of these ions in the immersion 
solution enables interactions with the cementitious matrix of the mortar. The ions can 
diffuse into the mortar's pores and bond with the solid phase of the material. As the 
mortar absorbs the NaCl solution, leaching and diffusion processes occur. The soluble 
salts, including sodium chloride, dissolve in the water present in the mortar's pores. 
Over time, these salts can migrate deeper into the material through diffusion processes, 
resulting in an increase in salt content. 

 

5.5 Ultrasonic pulse velocity 
 Mortar specimens are immersed in a saline solution, which can potentially 
affect their properties, including their ultrasonic pulse velocity (UPV). Sodium chloride 
is a salt, and its presence in the immersion solution can lead to chemical reactions 
and changes in the mortar's microstructure. Generally, higher pulse velocities indicate 
better quality and integrity of the material, while lower velocities may suggest the 
presence of defects or deterioration. 

From Figure 5.9, the relationship between Ultrasonic pulse velocity and 
immersion time for concrete, considering the primary wave, shows that during the 0–
1-month period, the wave propagation noticeably increased through the mortar 
sample. After the 1st-3rd month, the speed of the waves gradually increased and started 
to stabilize during the 3rd-12th month. It can be observed that the wave propagation 
speed increases as the sodium chloride solution concentration increases, and this is 
consistent with the secondary wave, indicating that the velocity of transmission 
through the mortar sample increases with time. 
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Figure 5.9 Correlation between ultrasonic pulse velocity and immersion time under 
various saline concentrations. 

 

Sodium chloride exposure can lead to the degradation of the mortar's elastic 
properties, as shown in Figure 5.10. It was found that the mortar's elastic properties 
decreased with increasing time. In the first 3 months, the mortar's elastic properties 
gradually decreased, and from 3 to 12 months, a significant decrease in the mortar's 
elastic properties was observed. However, at 0% concentration, the mortar's elastic 
properties remained unchanged, as it was immersed in tap water. This indicates that 
chloride can penetrate the mortar and cause chemical reactions that result in the 
breakdown of cementitious bonds and the formation of expansive compounds. These 
processes can reduce the material's stiffness and increase its porosity, leading to a 
decrease in the wave propagation speed.  

The dynamic Poisson's ratio (Figure 5.11) can be determined experimentally, 
and the physical situation of such a test is completely different from that of static 
loading. The value of the dynamic Poisson's ratio is always higher than the static 
Poisson's ratio, with an average value of about 0.24 which agrees with the results 
obtained by Teller (1956). 
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Figure 5.11 shows the relationship between the dynamic Poisson's ratio and 
immersion time for concrete. It was found that the Poisson's ratio value increased 
linearly with time, and after the third month, it began to stabilize in a straight line. 
Furthermore, when the concentration level varied, it was observed that the Poisson's 
ratio increased with an increase in concentration. When studying the immersion of 
sodium chloride in mortar, the concentration level of sodium chloride may affect 
various chemical and physical processes. Higher concentrations of sodium chloride can 
alter the properties of the solution, such as its ionic strength, pH, or osmotic pressure. 
These changes may influence the occurrence of specific events or reactions within the 
mortar, which could potentially follow a Poisson distribution. 

 

 
Figure 5.10 Elastic modulus dynamic (Ed) as a function immersion time for various 

saline concentrations. 
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Figure 5.11 Dynamic Poisson's ratio (Vd) as a function immersion time for various 
saline concentrations 

 

 



 

CHAPTER VI 
ANALYSIS OF RESULTS 

 

6.1 Introduction 
The purpose of this chapter is to formulate the empirical equations that 

describe the relationship between compressive strength, saline concentration, and 

immersion time. The presented equations serve as predictive tools for estimating the 

reduction in the compressive strength of concrete subjected to varying concentrations 

of brine and immersion durations. The analysis involves the regression of the 

experimental test data utilizing IBM SPSS Statistics /software (Wendai, 2000). The final 

section of this chapter introduces the application of equations for estimating the 

lifespan of concrete under continuous immersion in saline water, which presents the 

relationship between the lifespan of the concrete and the saline concentration. 

 

6.2 Compressive strength  
To demonstrate the reduction in percentage of compressive strength of 

concrete over time, the normalized compressive strength ( c ) are ploted as a fuction 
of immersion time for vaious of saline concentraion. The calculation of c  is outlined 
as follows:  

c
c

c0

 = ×100%





 (6.1) 

where c0 is the compressive strength of concrete before immersion in saline solution (in 
ksc). This value represents the compressive at 28 days of curing time (c0 = 181 ksc). c is 
the compressive strength of concrete after immersion in saline solution (in ksc), 
summaried in Chapter 5 (Table 5.2).
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It is observed that the normalized compressive strength ( c ) decreases from 
100% of the original value (181 ksc) after immersion in salt water. At 0% salinity, there 
was no significant change in compressive strength; it seemed constant for all time. 
However, for the samples soaked in salt water at 25%, 50%, 75%, and 100%, the 
normalized concrete strength decreased to 88%, 78%, 70%, and 63%, respectively, after 
12 months. 

The exponential relationships are proposed to correlate the percentage 
normalized compressive strength ( c in %) with immesion time (t in months). The 
increase in salinity decreases the percentage of normalized compressive strength. 
Good correlations are obtained, as shown in Figure 6.1. The following equations 
represent their relationship: 

( ) ( ) t
c

1 -= 100 +  1 - e 



           (6.2) 

where  and  are constants parameters (shown in Figure 6.1), and t is immersion time. 
Regressions analysis using SPSS software is performed to determine the above 
empirical constants from the test data. Figure 6.1 compares the test data with the 
predictions from Eq. (6.2). Good correlations are obtained (R2 > 0.98). 

The multiplier  and   increases with the salinity (%), as depicted by the linear 
equation illustrated in Figure 6.2. 

   = 0.0010X-0.1018           (6.3) 

   = 0.0028X+0.0648           (6.4) 

where X is salinity (%). Substituting Eq. (6.3) and (6.4) into (6.2) the percentage 
normalized compressive strength (%) under different salinity and immersion time can 
be represented by: 

( )( ) (0.0028X 0.06 8  t

c

4 )
100 1

1

0.0010X
 

0.1018
e= + - 

− + 


−

 (6.5) 

 



74 

 
Figure 6.1 Relationships between normalized compressive strength (%) and immersion 

time for concrete subjected to different saline concentrations. 

 

 
Figure 6.2 Constant parameters as a function of salinity (%). 
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The equation presented in Equation 6.5 serves as a tool to determine the 
percentage of concrete compressive strength at any given time relative to its initial 
strength before immersion in saline solution. This equation provides clear insight into 
the discernible trend of strength reduction over time. 

 

6.3 Factor of Safety 
 The compressive strength of concrete is important for the stability of 
engineering structures that use concrete for construction. In general, the design lifespan 
of concrete is specified to be more than 100 years (Koh et al., 2014), and a general 
safety factor of 1.5 is specified according to EN 1992-1-1:2004 (E). The test results 
showed that the strength of concrete continuously immersed in saline water 
decreased with increasing time. At the same time, the inducing stresses on the concrete 
structure as initially designed remain the same and have not changed. Because of this, 
the safety factor (FS) set at the beginning also decreases over time. When the FS value 
decreases until it is equal to 1.0, it indicates that the structures fail under the design 
load. Hence, the ability to predict the lifespan of concrete in a saline environment 
holds practical significance for inspecting and monitoring concrete structure stability. 
Additionally, this predictive ability is helpful for engineers to plan and deal with future 
problems in a timely manner. 

The mathematical expression for the factor of safety (FS) of concrete under 
applied uniaxial stress is given by: 

FS = c/ (6.6) 

where c and  are the ultimate compressive strength and compressive stress.  
With a safety factor of approximately 1.5, the average ultimate compressive strength 

(c) is calculated as 181 ksc. Accordingly, the design load or compressive stress can 
be established at 120 ksc, considering variations in salinity and immersion time.  

The compressive strength (c) are plotted as a function of immersion time for 
various saline concentration as shown in Figure 6.3. The horizontal line extending along 
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the x-axis corresponds to a concrete strength of 120 MPa, representing the stress value 
for safety factor (FS) of 1.5. Drawing a vertical line from the intersection point of each 
concentration's test result with the horizontal line allows for the identification of the 
specific time (concrete lifespan) at which the compressive strength starts decreasing, 
reaching the critical point of FS = 1.0. This point marks the onset of concrete failure. 
However, the lifespan of concrete at the critical point (FS = 1.0) under different saline 
concentrations can be determined through the utilization of the empirical equation 
detailed below. 

The exponential relationships are proposed to correlate the compressive stress 
(c) with immersion time (t). Good correlations are obtained from compressive 
strength, as shown in Figure 6.3. The following equations represent their relationship: 

( ) ( ) t
c0c

-=  +  1 - e
1 




            (6.7) 

where   and  are empirical constant parameters (shown in Figure 6.3), c0 is 
compressive stength, equal to 181 ksc, for concrete sample before immesion in saline 
water, and t is immersion time. Regressions analysis using SPSS software is performed to 
determine the above empirical constants from the test data. Figure 6.3 compares the test 
data with the predictions from Eq. (6.7). Good correlations are obtained (R2 > 0.98). 

The multiplier  and  increases with the salinity (%), as depicted by the linear 
equation illustrated in Figure 6.4. 

   =0.0005X+0.0544           (6.8) 

   = 0.0028X+0.0664           (6.9) 

where X is salinity (%). Substituting Eq. (6.8) and (6.9) into (6.10) the compressive 
strength under different salinity and immersion time can be represented by: 

( )( ) -(0.0028X+0.0664 )  t

c0c 1 
1

0.0005X 0.0544
e= + - 



 
+

 (6.10) 
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The lifespan of concrete can be calculated using Eq. (6.7) by substituting   

c0 = 181 ksc, c = 120 ksc (the remained strength of concrete where for FS = 1.5), X is 
ranging between 0% to 100%. The calculated value of ‘t’ is the lifespan of concrete 
represents in Figure 6.5. Relationships between lifespan for concrete and salinity, when 
subjected to immersion in highly concentrated salt water, the durability of a concrete 
structure is adversely affected, potentially leading to a shortened lifespan. Conversely, 
under immersion in low-concentration saltwater, the steadfastness of concrete 
structures is maintained. 
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Figure 6.3 Compressive strength as a function of immersion time subjected to different 
saline concentrations.  

 

Figure 6.4 Constant parameters as a function of salinity (%). 
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Figure 6.5 Relationships between lifespan for concrete and salinity (%). 

 

 



 

CHAPTER VII 
DISCUSSIONS AND CONCLUSIONS 

 

7.1 Discussions 
The presented results in Chapter V provide a comprehensive understanding of 

the time-dependent reduction in compressive strength of concrete under various 
concentrations of saline solutions. The study utilized a combination of tests, including 
uniaxial compression tests, X-ray diffraction (XRD) analysis, saline absorption tests, and 
ultrasonic pulse velocity tests, to assess the impact of saline exposure on concrete 
properties. The study highlights the importance of considering various factors, including 
mineral composition, elastic modulus, and dynamic properties, to comprehensively 
assess concrete behavior in saline environments. The key findings relevant to the test 
results are as follows. 

The compressive strength of cured concrete rapidly increased during the first 7 
days of the curing period and gradually reached its peak at the end of 28 days 
Gutteridge and Dalziel (1990). Subsequent immersion in saline solutions leads to a 
reduction in compressive strength, with higher concentrations causing more significant 
declines. The compressive strength exhibited a gradual decrease within the initial 0 to 
3 months, followed by a notable acceleration in deterioration during the 6 to 12-
month period. This time-dependent behavior emphasizes the importance of 
considering prolonged exposure when assessing the durability of concrete structures 
in saline environments. The study establishes a direct correlation between saline 
concentration and the reduction in compressive strength. This is evident in the 
observed trend where samples exposed to 100% saline concentration experience a 
faster and more pronounced reduction in compressive strength compared to those 
exposed to lower concentrations (Qasim et al., 2020). The concentration-dependent 
impact underscores the critical role of salinity levels in influencing the degradation of 
concrete. Several mechanisms contribute to the observed decrease in compressive 
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strength. The infiltration of chloride ions from saline solutions into the concrete matrix 
initiates chemical reactions with cementitious minerals, leading to the formation of 
deleterious compounds. The study indicates the potential formation of chloride-
bearing phases like Friedel's salt and ettringite, contributing to the deterioration of the 
concrete structure (Yang et al., 2022). 

Discrepancies in compressive strength values obtained through direct (uniaxial 
compression test) and indirect (Schmidt rebound hammer test) methods are 
highlighted. The indirect method consistently provides higher compressive strength 
values compared to the direct method. These variations can be attributed to 
differences in testing principles, assumptions, and techniques. Understanding these 
differences is essential for accurate assessment and interpretation of compressive 
strength data. The decrease in compressive strength is accompanied by a reduction in 
Young's modulus, indicating a decline in the material's stiffness. Higher salinity 
exacerbates this reduction, posing a potential long-term risk of enduring damage to 
the concrete structure. The interplay between compressive strength and Young's 
modulus provides insights into the overall mechanical behavior of the material under 
saline exposure. 

The study investigates the impact of exposure to saline solutions on the 
mineral composition of concrete, focusing on dicalcium silicate (C2S), tricalcium silicate 
(C3S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF). These 
minerals are crucial components that occur from the hydration reaction between water 
and cement, forming the primary constituents responsible for the strength and 
durability of concrete. As salinity increases, C3S and C2S content decreases, while C3A 
and C4AF increase. These alterations signify chemical reactions with chloride ions, 
indicating concrete degradation. C3S and C2S, vital components of Portland cement, 
undergo structural changes during immersion in saline, affecting concrete strength. 
Higher salinity leads to a decline in C3S and C2S, implying the formation of chloride-
bearing compounds. Chloride ions react with C3S and C2S, contributing to the concrete 
matrix's deterioration. Additionally, C3A and C4AF increase with higher salinity, indicating 
hydration reactions. The study underscores the importance of understanding 
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mineralogical transformations in concrete exposed to saline environments for effective 
assessment and mitigation of structural degradation. 

Saline absorption rapidly increased during the initial month and tends to 
stabilize, maintaining a relatively constant level over the subsequent 12 months. It 
decreases with an increase in saline concentration. Under high saline concentration, 
particularly at 100% (saturated brine), the concrete exhibits the lowest saline 
absorption. This may seem contradictory to the explanation that high concentrations 
cause high concrete corrosion, causing increased porosity to absorb more saline 
solution. This phenomenon occurs due to the crystallization of the saline solution 
within the voids of the samples under the highest saline concentration, which leads to 
a decrease in saline absorption. As a considerable quantity of salt crystallizes within 
the voids of the sample, the density of the sample rises proportionally to the increase 
in saline concentration. The results obtained here agree with those of Cao et al. (2019); 
Bai et al. (2021); Yang et al. (2022); and Vassuoni and Rahmam (2016) who study the 
absorption as affected by saline solution. 

Both P- and S-wave velocities increase exponentially with increasing salinity. 
They move slowly through the sample when the wave propagates to mortar immersed 
in 0% of salinity (freshwater). On the other hand, they move with high speed when the 
wave propagates to mortar immersed in 100% salinity. This is due to reflection and 
refraction of wave velocity through the mortar sample which results in loss of wave 
energy. According to the reasons mentioned above, the samples immersed in a high 
saline concentration also have high density, resulting in a higher wave speed passing 
through the sample.  The dynamic Poisson's ratio (d) increases whereas the dynamic 
elastic moduli (Ed) decrease with increasing of saline concentration. The results 
obtained from this study are consistent with those of Su and Zhang (2014) and 
Rozgonyi-Boissinot et al. (2021) who studied the wave velocity as affected by saline 
water. 
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7.2 Conclusions 
The effects of saline water on the mechanical properties of concrete are 

investigated based on uniaxial compressive strength, XRD, absorption, density, and 
wave velocity. All objectives and requirements of this study have been met. The 
results of laboratory testing and analyses can be concluded as follows: 

1) The compressive strength of cured concrete increases rapidly during the 

initial 7 days of curing and gradually reaches its peak at 28 days. Subsequent 

immersion in saline solutions leads to a reduction in compressive strength, 

with higher concentrations causing more significant declines. The study 

reveals a time-dependent behavior, emphasizing the importance of 

prolonged exposure considerations in assessing concrete durability in saline 

environments. 

2) A direct correlation between saline concentration and the reduction in 

compressive strength is established, with samples exposed to 100% saline 

concentration experiencing a faster and more pronounced decline 

compared to lower concentrations. Various mechanisms contribute to this 

reduction, including the infiltration of chloride ions, leading to chemical 

reactions and the formation of deleterious compounds. 

3) Discrepancies in compressive strength values obtained through direct and 

indirect methods are highlighted, emphasizing the need for a nuanced 

interpretation of data. The decrease in compressive strength is 

accompanied by a reduction in Young's modulus, indicating a decline in 

material stiffness, exacerbated by higher salinity. 

4) The study investigates the impact of saline exposure on the mineral 

composition of concrete, revealing alterations in C2S, C3S, C3A, and C4AF. 

These changes suggest chemical reactions with chloride ions, contributing 

to concrete degradation. Saline absorption trends indicate rapid increases 

in the initial month, stabilizing thereafter, and decreasing with higher saline 
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concentrations. The crystallization of saline solution within voids under the 

highest concentration leads to the lowest absorption. 

5) Both P- and S-wave velocities increase exponentially with increasing salinity, 

showcasing variations in wave speed influenced by saline concentration. 

The dynamic Poisson's ratio increases, while dynamic elastic moduli 

decrease with rising salinity, consistent with prior studies. 

6) The absorption characteristics and density of concrete under different 

saline water immersion conditions reveal noteworthy trends. Saline 

absorption tends to decrease, while density tends to increase with 

increasing saline concentration.  

7) Empirical equations developed to correlate the relationship between the 

compressive strength of concrete and immersion time under various saline 

concentrations can be used to predict the lifespan of the concrete. 

In summary, this study provides valuable insights into the multifaceted impact 

of saline exposure on concrete properties, emphasizing the need for a holistic 

understanding to assess and mitigate degradation in concrete structures in saline 

environments. The findings contribute to the existing body of knowledge and support 

informed decision-making in the realm of concrete engineering. The results align with 

previous studies, reinforcing the consistency and reliability of the observed trends in 

response to saline water exposure. 

 

7.3   Recommendations for future studies 
The experimental study focused on a single concrete and mortar mixture, 

limiting its representativeness to other concrete mixtures. Additionally, the test 
duration was confined to 12 months and conducted solely under immersion in saline 
water conditions. To enhance the accuracy and comprehensiveness of the analysis 
and conclusions, and acknowledging the limitations in sample numbers and test 
parameters employed in this study, the following recommendations for future studies 
are proposed: 

 



85 

1) To advance the understanding of concrete deterioration and enhance the 

reliability and accuracy of concrete's strength predictions, it is 

recommended that future studies focus on extending the duration of the 

testing period. A prolonged testing period will allow for a more in-depth 

analysis of the long-term effects of sample soaking time on concrete 

strength. This extended duration will capture subtle changes and potential 

trends that may not be evident in shorter-term experiments. Moreover, it 

will provide a more realistic representation of the concrete's behavior under 

varying environmental conditions, contributing to the robustness of the 

findings. 

2) The concrete sample should be systematically prepared with variations in 

water/cement ratio (w/c), concrete admixture, cement type, and aggregate 

size. This approach aims to represent the variety of concrete for actual 

engineering structures. 

3) To comprehensively investigate concrete deterioration, it is recommended 

to carry out experiments across diverse environmental conditions, 

encompassing changes in temperature, humidity, and cyclic wetting and 

drying cycles. This approach aligns with the goal of enhancing the realism 

and applicability of research findings to real-world construction scenarios. 

4) Field studies should be conducted to verify the accuracy of the laboratory 

results in their application in actual concrete structures. This provides a 

connection between controlled laboratory conditions and real-world 

situations. It creates a more holistic understanding.  

5) The depth of brine penetration into the concrete sample should be 

measured during immersion in the saline solution. The obtained test results 

offer valuable data that can be employed to precisely define the depth of 

reinforcement within the concrete structure. 

6) The analysis of mineral composition by XRD analysis of concrete samples 

for each test condition (each immersion time and saline concentration) is 
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recommended immediately following the completion of the compression 

test. Suppose the samples cannot be tested immediately and must be left 

for several days. In this case, the potential for additional chemical reactions 

exists, leading to analysis results that may not accurately reflect the results 

of each test condition. The concrete samples should be dried thoroughly 

before testing. This drying process can stop any ongoing chemical reactions 

and ensure the test results are accurate for those conditions. 

7) More measurement techniques should be conducted to assess various 

concrete deteriorations, such as visual examination for the presence of 

cracks on the concrete surface, inspection for the loss of surface material 

due to weathering or other environmental factors, use high-frequency 

sound waves to detect internal flaws, voids, or changes in material 

properties, utilizes radar pulses to detect subsurface features, such as 

cracks and void, assesses the concentration of chloride ions in concrete, as 

high levels can lead to reinforcement corrosion, and Utilizes techniques like 

scanning electron microscopy (SEM) to observe microstructural changes, 

including the formation of cracks and the deterioration of cement paste. 

By addressing these recommendations in future studies, researchers can 

advance the understanding of concrete behavior under saline exposure, leading to 

more robust and applicable conclusions for the construction and maintenance of 

structures in saline environments 

. 
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