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General introduction 

Unstabilised rammed earth (URE) is an ancient construction technique that can be found 

through many heritage sites spread worldwide. In addition, URE is an eco-friendly building 

material due to the fact that it is primarily composed of natural soil. Recent years have witnessed 

a resurgence of interest in URE, fueled by increased environmental concerns. 

However, because URE is generated using the local soil, which varies widely from site to site, 

apparent differences have been discovered between the properties of different URE materials. 

In addition, when cement is applied to URE to increase its strength and durability, the URE will 

be transformed into cement stabilized rammed earth (CSRE), however no method has been 

proposed to depict these transitional changes in the literatures. In addition, the chemical effects 

of cement hydration on the chemo-thermo-hydro-mechanical (CTHM) properties of CSRE 

(URE) have not been thoroughly studied from a global perspective, which makes it more 

difficult to predict the structural behaviors of CSRE (URE) constructions under in-situ 

conditions. 

To comprehend the characteristics of various CSRE (URE) materials, the combined effects of 

initial water content, initial dry density, initial grain size distribution, initial cement content, 

curing temperature, curing method, and curing time should be taken into account from the 

beginning of the design process. However, only a few of the aforementioned factors have been 

described in the available literature, and other aspects have not been controlled stringently or 

exhaustively, causing the properties of CSRE (URE) to vary widely between experimental 

studies. In addition, most studies focus on several characteristics of a particular type of CSRE 

(URE) material, and the lack of a global perspective on all types of CSRE (URE) materials 

makes it extremely challenging to create a globally recognized standard for CSRE (URE) 

materials. 

In the first chapter, a systematic literature review was conducted with the goal of 

understanding the time-related chemo-thermo-hydro-mechanical behavior of a typical CSRE 

(URE) material from the design stage, illustrating the transitional changes from URE to CSRE, 

and providing a global view for developing the construction standards for different CSRE (URE) 

materials. 

On the basis of the results of the literature review, the second chapter proposes a coupled 

numerical framework that takes into account the combined effects of initial water content, initial 

dry density, initial grain size distribution, initial cement content, curing temperature, curing 
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method, and time to explain and predict the CTHM properties from URE to CSRE materials 

under laboratory and in-situ conditions. 

In the third chapter of this thesis, the proposed numerical model is validated by comparing the 

numerical modeling findings to the experimental results. First, the heat transfer, water flow, 

and drying process in URE, as well as the relevant mechanical characteristics, are modelled and 

compared to experiments. Afterwards, the cement hydration process and its associated thermo-

hydro-mechanical behaviors of CSRE are simulated, and the simulation results are compared 

with the experimental observations to evaluate the effectiveness of the proposed numerical 

approach. 

In the fourth chapter, the numerical model is then extended to study the structural behaviors 

of CSRE (URE) constructions under in-situ conditions. The long-term structural behaviors of 

URE walls are first studied by considering the effects of different environment types on the 

walls. After that, apart from the effects of the environment, the effects of rising damp from the 

ground are also studied for the long-term characteristics of the URE walls. Eventually, the long-

term CTHM characteristics of the CSRE wall under the interactions of the environment and 

underground soil are studied. 
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Chapter 1.  Literature review 

1.1 Background and construction technique 

Rammed earth (RE) is an ancient building material that can be found at several historic sites 

across the globe [1,2].  Approximately one-third of the world's population lives in rammed earth 

structures [3]. Throughout the history of human civilization, RE has been utilized widely as a 

fundamental construction method. Recent environmental concerns [4,5] have sparked a revival 

of interest in the planet Earth. This material is today regarded as a contemporary material that 

may be used to construct aesthetically beautiful and comfortable structures [6,7]. Due to the 

low embodied energy [8,9], the inherent moisture buffering capabilities for interior situations, 

and the high durability [10,11], it may be claimed that RE is a more sustainable alternative to 

conventional materials. 

 

 

Figure 1.1. (a) A typical rammed earth construction [12] (b) Areas with tradition of earth 

construction in a worldwide scale 

RE is compacted primarily with the mixture of water and the raw soil such as clay, silt, fine, 

sand and gravel in a formwork layer by layer by using a pneumatic or manual rammer [13,14] 

(Fig 1.2). In this study, the particle size limits of 2 µm, 80 µm and 2mm are used to define the 

clay content (<2 µm), the silt content (2 µm ~80 µm), the sand content (80 µm ~2 mm) and the 

gravel content (>2mm). The fine content (cfi) is defined by the sum of clay and silt content 

(particles smaller than 80 µm), and the coarse content is the sum of sand and gravel content 

(particles larger than 80 µm).  When the clay is used as the only binder, it is referred to as 

unstabilised rammed earth (URE); and when other stabilizers are added during the production 
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process of URE for the purpose of improving its properties, such as the strength or durability 

[15], it is referred to as stabilized rammed earth (SRE). Among various stabilizers, for example, 

cement [16], lime [17], fiber [18], coal ash [19] etc., the cement stabilization has gained 

popularity due to its higher and faster strength gain, durability, availability and ability to obtain 

acceptable engineering properties [20]. When the cement is used as the stabilizer, this specific 

rammed earth is called cement stabilized rammed earth material (CSRE). In this study, we focus 

on the CSRE material and the URE is considered as a particular case of CSRE with zero cement 

stabilizer added. It has been observed that a minimum cement content of 0.5% is required to 

mobilize the shear strength of cemented soil and the formation of cemented bonds [21]. 

According to the investigation results presented in this study, the commonly used cement 

content for various CSRE in the literature is in the range of 2% to 15% (Figure 1.4). The 

increment of additional cement over 15% leads to a higher strength but a higher environmental 

cost and economic impact [22]. Furthermore, the overuse of cement may transfer CSRE to 

concrete (without steel, fiber etc.), which disqualifies the original intention of rammed earth as 

a green construction material.  

 

Figure 1.2. A scheme for the construction of a wall with the rammed earth technique 

As a building material, RE is expected to have higher compressive strength during its lifetime.  

Generally, the mechanical resistance of RE increases as the d) increases [23–25] 

with the effect being more dramatic for higher densities [26]. And the d) of RE is 

increased when the compaction energy increases [27,28]. In reality, Due to the economic and 

environmental benefits, the compression energy cannot always be increased in order to achieve 

the highest d) but fixed at a certain level, for example, the Proctor compaction 

method described in the official Government documents published by Standards New Zealand 

(e.g. NZS 4298: 1998 [29]).  

When the compaction energy is not changing, the compaction dry density is mainly depended 

upon material grain size distribution (GSD) and the amount of water added in the soil mixture 

[14]. The compaction dry density is increased with fine content with fix compaction energy 



CHAPTER 1.  LITERATURE REVIEW 

5 

 

[30]. When the water content of the soil mixtures is too low during compaction, then the soil 

cannot achieve the same level of compaction due to the greater degree of friction between the 

soil particles. If too much water is present, then capillary water occupies the soil pore spaces, 

reducing the level of achievable compaction and decreasing the level of d) when 

the material has been dried. It has been widely proved that the d) first increases 

and then decreases with water content [31–33]. And the water content (usually gravimetric 

water content (w)) corresponding to the highest d) is called the optimum water 

content (OWC), and the highest compaction d) at this optimum condition is the 

maximum dry density (MDD) (Figure 1.3). The MDD is influenced by the changings of GSD, 

for example, the MDD of URE can be decreased [34,35] or increased [36,37] with sand content, 

and increased [24] or decreased [36,38] with the fine (clay) content. Some author observed that 

the MDD first increases and then decreases with clay content [39]. When the cement is added 

to URE, the URE is transferred to CSRE and the GSD of URE is thereby changed by the 

additional cement content. On one hand, the MDD can be decreased [40,41] or increased 

[42,43] due to the increase of cement content. On the other hand, it has been observed by some 

authors [34,44,45] that no detectable variation in MDD attributable to cement or lime stabilizers. 

The similar uncertain effects of cement (in a global scale) on MDD are found for CSRE through 

our literature reviews [15,18,20,38,44,46–57] (Figure 1.4). 

 

Figure 1.3. Effects of compaction energy on compaction curves of RE materials 
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Theoretically, while the compaction energy and GSD are constant, the OWC and MDD are 

proportional to one another (Figure 1.3). It indicates that the variance in MDD for a given OWC 

is a result of the fluctuating compaction effort and GSD. The effects of GSD (the same 

compaction energy) on OWC and MDD are introduced in the previous paragraph. The effects 

of compaction energy (the same GSD) on OWC and MDD are studied by some authors [27,58], 

and the main conclusion is that the MDD increases but OWC decreases when compaction 

energy increases (Figure 1.3). 

 

Figure 1.4. Maximum dry density (MDD) according to the initial cement content of CSRE  

[15,18,20,38,44,46–57] 

In conclusion, in order to forecast the optimal compaction condition of CSRE (URE), the mass 

of water, cement, soil grain size distribution, and compaction energy must be taken into account 

simultaneously. Only a few of the aforementioned components have been published in the 

current literature, and other aspects have not been controlled stringently or comprehensively, 

causing the optimal compaction condition of CSRE (URE) to vary between experimental 

studies. Figure 1.5 demonstrates that the MDD tends to decrease as the OWC rises, while 

apparent differences remain between the outcomes of several experimental studies. These 

variations might be caused by the grain size distribution of the material, compaction techniques, 

etc. 
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Figure 1.5. Maximum dry density (MDD) according to the optimum water content of CSRE 

[15,18,20,28,46–49,57,59] and URE [13,31,60–68]  

Up to this point, a brief introduction to the building process of CSRE (URE) and the primary 

elements affecting their initial compaction condition have been provided. As construction 

materials, engineers are typically concerned with the mechanical strength, water resistance, and 

thermal isolation characteristics of CSRE (URE). In the subsequent section 1.2, these features 

are introduced. 

 

1.2 Basic properties from URE to CSRE 

The studied materials are regarded as unsaturated porous media [69,70]. And the main factors 

influencing the thermo-hydro-mechanical behaviors of (CSRE) URE are introduced in the 

following sections 1.2.1, 1.2.2 and 1.2.3. Since CSRE is created from URE, URE's 

characteristics are first investigated. And the characteristics of CSRE are introduced after URE. 
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1.2.1 Mechanical behaviors 

In this part, the compressive strength, tensile strength (Tf), elastic modulus and Poisson’s ratio 

of URE are introduced in the section 1.2.1.1.1, 1.2.1.2.1 and 1.2.1.3.1, respectively. As 

introduced d), GSD and water 

d), the influences of GSD, 

cement and water also need to be considered to better understand the characteristics of URE 

and CSRE. Instead of water content (w), the suction is used as a state variable [71] to describe 

the effects of water. For a given soil, the suction is normally increased when water content (w) 

decreases, and the water content (w) is corelated to suction (s) through soil water retention curve 

(SWRC) [72]. Since CSRE is created from URE, URE's characteristics are first investigated. 

The effects of cement on URE, or the characteristics of CSRE, are then examined. 

 

1.2.1.1 Compressive strength 

The compressive strengths of URE and CSRE are introduced in section 1.2.1.1.1 and 1.2.1.1.2, 

respectively. 

 

1.2.1.1.1 Compressive strength of URE 

The MDD and OWC are fixed when a certain type of URE is compressed to the optimal state. 

Then URE's behavior is mostly influenced by its GSD. Due to the diversity in GSDs, multiple 

soil water retention curves (SWRC) displaying the relationship between water content (w) or 

degree of saturation (Sr) and negative pore water pressure or suction (s) are formed [73,74]. 

Besides, the variation of GSD changes the soil particle contact condition which may lead to 

different soil particle attraction forces [75], roughness [76] or friction angles [77] of the 

material. Consequently, according to the Mohr-Coulomb failure criteria and the effective stress 

theory as described by Bishop [78], the URE may have different strengths due to different GSDs 

when the dry d) and water content (w) maintain the same. Different GSD may lead to 

heterogeneous mechanical behaviors on a micro-scale [79]. Some homogenization procedures 

are applied by Strazzeri et al. [54] to describe the overall macroscopic behavior of earthen 

mixtures. In this study, the fine content (cfi) is used to show the effects of GSD for its apparent 

influences on compressive strength (Fig 1.7) and SWRC (Fig 1.27). 

Furthermore, in the in-situ situation, rammed earth materials are not necessarily compacted to 

their optimal conditions, and diverse mechanical behaviors may arise. Therefore, it is necessary 

to consider the d) of earth materials that are not compacted at the optimum 
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conditions [68,80] as well as the GSD due to different types of rammed earth materials. Some 

authors observed that there are no apparent effects of d) on the strength of rammed 

earth [60,81,82], while some authors found that the strength of rammed earth will increase with 

the d) [51,83]. This discrepancy is probably caused by the lack of the same control 

experiment and the combined effects of other factors, such as GSD, water content (w), etc.  

When URE holds the same moisture condition (the same relative humidity), its compressive 

strength increases with fine content (cfi) and d) [24,34]. In addition, it has been 

shown that, with the same dry density d) and at saturated conditions, the cohesiveness and 

confined compressive strength of URE are improved with fine content (cfi) [84]. Furthermore, 

with the same d) and under the same unsaturated (suction) level, the confined and 

unconfined compressive strength of URE increases when the fine content (cfi) increases [61]. 

An opposite case has been observed that the fine content (cfi) decreases the strength of URE 

[85]. It is probably caused by the fact that the increment of fine content (cfi) decreases the MDD 

and increases OWC under constant compaction energy.  For a certain type of URE, the UCS at 

different imposed suction states are largely reported in literature [14,31,64,86–91], and the 

results show that UCS of URE increased significantly when the suction (s) increases. Since dry 

d), suction (s) and fine content (cfi) are all the factors influencing the strength of URE, 

it is better to control one of them and observe the effects of the other two variables.  

 

Figure 1.6. Typical URE with various fine contents (80 µm) and the same average dry density 

of 2000 kg·m-3 [13,14,31,62–64,67,87–90,92] 
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Author and material Clay Silt Fine Sand Gravel Coarse 
Dry density 

kg·m-3 

Araki et al.(2016) [67]-M1 0.28   0.28 0.70 0.02 0.72 1577 
Araki et al.(2016) [67]-M2   0.38 0.56 0.06 0.62 1969 
Araki et al. (2016) [67]-M3     0.38 0.56 0.06 0.62 1978 

Bui et al.(2014) [87]-M1 0.05 0.30 0.35 0.49 0.16 0.65 1920 
Bui et al.(2014) [87]-M2 0.09 0.38 0.47 0.50 0.03 0.53 1920 

Champiré et al.(2016) [89]-M1 0.17 0.30 0.47 0.51 0.02 0.53 1970 
Champiré et al.(2016) [89]-M2 0.17 0.52 0.69 0.31 0.00 0.31 1950 

Chauhan et al. (2019) [31] 0.08 0.53 0.61 0.28 0.11 0.39 1860 

Gerard et al. (2015) [88] 0.13 0.69 0.83 0.17 0.00 0.17 2000 

Hall & Djerbib(2004) [14]-M1 0.06 0.14 0.20 0.39 0.41 0.8 2137 
Hall & Djerbib(2004) [14]-M2 0.06 0.14 0.20 0.47 0.33 0.8 2136 
Hall & Djerbib(2004) [14]-M3 0.06 0.14 0.20 0.54 0.26 0.8 2066 
Hall & Djerbib(2004) [14]-M4 0.10 0.20 0.30 0.31 0.39 0.7 2155 
Hall & Djerbib(2004) [14]-M5 0.10 0.20 0.30 0.39 0.31 0.7 2126 
Hall & Djerbib(2004) [14]-M6 0.10 0.20 0.30 0.47 0.23 0.7 2124 
Hall & Djerbib(2004) [14]-M7 0.10 0.20 0.30 0.52 0.18 0.7 2013 
Hall & Djerbib(2004) [14]-M8 0.13 0.27 0.40 0.31 0.29 0.6 2076 
Hall & Djerbib(2004) [14]-M9 0.13 0.27 0.40 0.39 0.21 0.6 2093 
Hall & Djerbib(2004) [14]-M10 0.13 0.27 0.40 0.45 0.15 0.6 2063 

Jaquin et al.(2009) [64] 0.10 0.20 0.30 0.51 0.20 0.71 2039 

Lilley & Robinson(1995) [62]-M1 0.11 0.16 0.27 0.49 0.25 0.74 1970 
Lilley & Robinson(1995) [62]-M2 0.16 0.13 0.29 0.41 0.29 0.7 1870 
Lilley & Robinson(1995) [62]-M3 0.21 0.12 0.33 0.30 0.38 0.68 2170 

Maniatidis & Walker(2008) [63]-M1 0.12 0.13 0.25 0.45 0.30 0.75 1971 
Maniatidis & Walker(2008) [63]-M2 0.12 0.13 0.25 0.45 0.30 0.75 1763 
Maniatidis & Walker(2008) [63]-M3 0.12 0.13 0.25 0.45 0.30 0.75 2027 

Nowamooz & Chazallon(2011)[13] 0.01 0.03 0.04 0.67 0.29 0.96 2000 

Otcovska et al.(2019) [92]-M1 0.20   0.20 0.80 0.00 0.8   
Otcovska et al.(2019) [92]-M2 0.25  0.25 0.75 0.00 0.75 

 
Otcovska et al.(2019) [92]-M3 0.25   0.25 0.75 0.00 0.75   

Xu et al.(2018) [90]-M1 0.17 0.25 0.42 0.58 0.00 0.58 1950 
Xu et al.(2018) [90]-M2 0.27 0.38 0.65 0.35 0.00 0.35 1950 
Xu et al.(2018) [90]-M3 0.35 0.56 0.90 0.10 0.00 0.1 1950 

Table 1.1. The different pore size distribution of the studied RE materials reported in the 

literature 

 

The mechanical strength of URE [14,31,64,87–90] with the average d) of 2000 

kg·m-3 but with various fine content (Figure 1.6) and suctions are investigated in order to know 

the combined effects of suction (s) and fine content (cfi) on UCS. The details about the 

components of the studied materials are presented in Table 1.1. For the initial control of suction, 

liquid–vapor equilibrium method was used. The saturated aqueous solution of different salts 
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are used to control the relative humidity of the air around the samples by liquid–vapor 

equilibrium. The exchange of water occurs in terms of water vapor based on Kelvin’s 

thermodynamical equilibrium (Equation 14). The UCS is determined when the relative 

humidity of the URE specimen and the air are in balance. The investigation results are presented 

in Figure 1.7. It demonstrates that the UCS of a particular URE is continually raised by suction 

(s). Despite having the same suction (s) value, the material strength might vary when the 

material types are distinct. Additionally, the impacts of the material components are explored, 

and the results reveal that fine content (cfi) improves URE strength. Consequently, both the rise 

in suction (s) and fine content (cfi) contribute to the augmentation of URE's strength.  

 

Figure 1.7. Effects of suction  and fine content on UCS of URE [14,31,64,87–90] 

In reality, the humidity of URE specimens and ambient humidity may not always be in balance. 

After compaction, the water content (w) of URE is decreased and suction (s) increased with 

time because the URE materials are normally exposed and dried in the environment. The 

variations of the material humidity in the drying process for several URE cylindric samples are 

tested in the controlled environment relative humidity conditions by some authors [31,88]. And 

the related results are presented in Figure 1.8.  
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(a) 

 

(b) 

Fig 1.8. Drying process of URE after compaction in (a) Gravimetric water content (w) scale 

[31] and (b) Saturation scale [88] 
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The results show that the humidity of the sample continuously decreases due to a drier 

environment condition. The drier the ambient air, the faster the sample is dried to the same 

humidity level as the environment. In addition, the water in URE evaporates quickly at early 

age and then reaches a level where the sample cannot be dried anymore. 

 

Figure 1.9. UCS of URE according to the dry density [27,31,60–67,69,83,89,93] 

Thus, the UCS of URE is increased with fine content (cfi) and the suction (s) when the material 

keeps the same average dry density of 2000 kg·m-3 and then dried in the environment after 

compaction. On the basis of the experimental results [27,31,60–67,69,83,89,93], the dry 

densities d) of URE are enlarged from the average value of 2000 kg·m-3 to a larger range of 

1200 to 2400 kg·m-3 to demonstrate the impacts of dry density ( d) on UCS of URE. And the 

related results are presented in Figure 1.9. It can be observed that the UCS of URE has the trend 

to be increased with the increase of d). However, URE material may process 

different UCS at the same d) level, which is probably caused by the changing of 

fine content (cfi) and suction (s). 
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1.2.1.1.2 Compressive strength of CSRE 

The addition of lower cement content (2%-15%) transforms URE to CSRE, and a higher cement 

content (>20%) may transfer URE to concrete. The CSRE is located in the transition area 

between URE and concrete. Therefore, it is necessary to consider both the mechanisms of 

unsaturated soil and cement hydration process in CSRE. The effects of suction (s), dry density 

d) and fine content (cfi) are introduced in the section 1.2.1.1.1. In this section, the effects of 

cement on the compressive strength of CSRE are mainly focused and illustrated. 

It has been observed that the interaction of cement and fine soil particles [94] exists in cement-

based soil materials. Some studies [50,95] have found that the strength improvement of CSRE 

is prevented by a higher fine (or clay) content of the raw soil, while some authors [96] find the 

increased fine content (cfi) favors the material strength. These discrepancies may be caused by 

the changes of dry densities caused by the variations of fine content (cfi) when CSRE is 

produced at constant compaction energy. Since the fine content (cfi) of the raw soil is used as a 

factor to reflect the UCS of CSRE in this study, the effects caused by the addition of cement on 

the GSD of raw soil are not considered. 

The UCS of CSRE with no cement under the same wet condition almost does not change after 

compaction since the suction (s) remains constant and no additional binder is produced [19]. 

Nevertheless, the existence of cement increases the material strength because of the binders 

produced by the cement hydration process [28]. In a normal environment condition, the cement 

in CSRE start reacting with water once compacted (or mixed), and the chemical reaction 

products act as binder gluing the soil particles together. The cement is consumed quickly due 

to the adequate supply of water and cement particles at early age. The accumulation of the 

hydration products resulting in a significant strength increment of CSRE in the first several 

days after compaction. As time passes, the amount of chemical reactants decreases, resulting in 

a slower rate of cement hydration. And when the rate of the chemical reaction reduces to zero, 

the hydration products are not accumulated anymore, and the mechanical strength of CSRE 

eventually stabilized at a constant value. For cementitious materials, it can take over one year 

for the cement to be fully hydrated [97]. In addition, UCS tested after 28 days cannot be 

representative of the actual properties of the CSRE after longer lapses of time [98]. The strength 

increments of some typical CSRE [15,46,99,100] over time are investigated and the results are 

presented in Figure 1.10.  
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Figure 1.10. UCS of CSRE with various initial cement contents according to curing time 

[15,46,99,100] 

It can be observed that, once the cement is added in the compacted soil, the strength of CSRE 

will continuously increase with time. Moreover, the compressive strength of CSRE is mainly 

obtained in the first 28 days and later slowly increases with time. The CSRE with the cement 

content of 5% from the results of Ren et al. [100] have a higher UCS than the CSRE consists 

of 20% cement from the results of Bahar et al. [28]. This is caused by a higher compaction dry 

d) of CSRE (over 2300 kg·m-3) from Ren et al. than that of Bahar et al. (around 1760 

kg·m-3). In addition, the results form Alkiki et al. show that the strength of CSRE with no 

cement (URE) is not change over time under a sealed curing condition, while the strength of 

CSRE without cement (URE) from Bahar et al. is increased over time when the samples are 

cured under the laboratory condition allowing water evaporation. It means that the strength of 

the CSRE comes from two parts when dry density ( d) and fine content (cfi) remain constant, 

one is the binder effects of hydration products, another is the suction (s). 

Since the strength of CSRE will increase over time after compaction, generally, a curing 

technique is recommended for CSRE to achieve a higher value of strength [62]. CSRE with a 
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higher initial cement content reaches a higher strength than that of CSRE with a lower initial 

cement content after the same days of curing [20,22,101]. It means that more quantities of 

cement react with water and more binders are produced during the hydration process. To better 

show the effects of cement content on the strength of CSRE, some experimental tests 

[15,28,44,46,49,51,53,56,57,99,100] after the same period of curing (28 days) are investigated 

in this work, and the results are presented in Figure 1.11. 

 

Figure 1.11. UCS of CSRE after 28 days of curing according to cement content 

[15,28,44,46,49,51,53,56,57,99,100] 

It can be observed from Figure 1.11 that the UCS of CSRE has the tendency to be increased 

when cement content increase. And the continuously added cement (<20%) almost linearly 

increased the material strength, which means there is no optimum cement content for CSRE 

from the mechanical perspective of view. In addition, the CSRE specimen with lower cement 

content may possess high mechanical strength owing to a high compaction d). In 

this work, the effects of d) on CSRE with zero cement content (URE), moderate 

cement content (CSRE) and high cement content (concrete) are investigated and compare 

together. The results are presented in Figure 1.12. 
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Figure 1.12. UCS of URE [27,31,60–67,69,83,89,93], CSRE [15,18,20,25,28,44,46,49,50,52–

54,57,80,102,103] and concrete [104–108] according to dry density 

As shown in Figure 1.12, the strength of concrete is generally higher than that of CSRE and 

URE. The CSRE processes the strength between URE and concrete due a moderate cement 

addition when the compaction d) remains the same. In addition, the UCS of these 

three materials trends to continuously increases with d) slowly when the dry 

d) remains in a lower range and increases rapidly when the d) become 

higher. 

It is obvious that the cement hydration benefits the mechanical resistance of CSRE. However, 

more amount of hydration products may not always lead to a higher strength of CSRE. The 

experimental results from Beckett and Ciancio [80] show that even more hydration water is 

consumed (more hydration products are produced), the CSRE specimen with higher initial 

water still possesses a lower after-cured compressive strength. It means that the strength 
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enhancement caused by hydration is impeded by a wetter condition of the CSRE sample [98]. 

Therefore, the initial water content and initial cement content both influence the after-cured 

strength of CSRE [109]. The ratio of the initial water and initial cement content is called the 

water-cement ratio (by mass), which is popularly used to describe the after-cured (usually 

sealed for 7 or 28 days) strength of concrete [110]. This parameter is introduced by Beckett et 

al. [111] to CSRE in their work, and a comparable mechanical response is found as with 

concrete. The after-cured strength of CSRE increases with the decrease of the water-cement 

ratio [110]. During the curing process, the rate of gained strength is higher at the beginning and 

reduces with age later, while the precise prediction about the age required for stabilization is 

not established in worldwide standards [98]. The after-cured strength of CSRE has been 

predicted with the empirical equations proposed by some authors by considering the effect of 

water-cement ratio [112], 28-day strength (time) [97] and the combined effect of water-cement 

ratio and time [113], or water-cement ratio, time and d) [114] at laboratory curing 

conditions.  

Specifically, a higher initial water to cement mass ratio leads to a lower strength of the cement-

based materials [115,116]. The effects of water-cement ratio on the strength of CSRE 

[15,28,46,49,57] are investigated in this work and the results are presented in Figure 1.13. It 

can be observed from Figure 1.13 that the strength of CSRE decreased when the water-cement 

ratio increases. And the strength reduction magnitude is more significant for the material cured 

after 28 days than cured after 7 days when the water-cement ratio increment keeps the same.  
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Figure 1.13. UCS of CSRE and according to water-cement ratio 

 

In addition, the curing method also influences the after-cured strength [117]. When the 

hydration process proceeds in moist conditions, for example, in moisture air or sealed condition, 

the compressive strength increases contentiously and then trend to be stabilized with time [118]. 

When cement-based materials are exposed to normal dry air conditions, the strength increments 

contributed by cement hydration are weakened due to the evaporation process, while the 

strength increments caused by the decrease of water content (w) [102] are enhanced. The 

cement hydration process may be interrupted due to a hot and dry curing condition [119]. 

Moreover, the increases in the ambient curing temperature (T) [120] (under 60 ºC [121,122]) 

increase the  of cement [123], which leads to a higher material strength 

[124]. On the contrary, if the temperature (T) is below the freezing point of water, the cement 

hydration process will not be contributed by water anymore [125]. For cement-based earth 

materials, a higher curing ambient relative humidity will lead to a higher mechanical resistance 

when the curing temperature (T) is constant [126]. In other words, the strength of CSRE is 

affected by the combined effects of cement content, temperature (T) and material humidity 

[127–129]. 



CHAPTER 1.  LITERATURE REVIEW 

20 

 

 

1.2.1.2 Tensile strength 

The tensile strength of URE is usually estimated by using two different methods: direct tension 

test and splitting (Brazilian) test [49,57,67,69,85,87,88,92,130–134]. Araki et al. [67] found 

that tensile strength obtained by the direct tension test is 15%-20% lower than that obtained by 

the splitting test. In this work, the investigated tensile strength obtained through splitting 

(Brazilian) test is transferred to the direct tensile strength (Tf) with the ratio of 0.825. The direct 

tensile strengths (Tf) of URE and CSRE are introduced in section 1.2.1.2.1 and 1.2.1.2.2, 

respectively. 

 

1.2.1.2.1 Tensile strength of URE 

Gerard et al. [88] carried out the tensile strength tests under different suctions by using the 

Brazilian method and observed an increase of the tensile strength with suction (s), which means 

the tensile strength decreases when water content (w) increases. We investigated the effects of 

water on tensile strength of URE from different experimental results [67,88,92], and the results 

are illustrated Figure 1.14 in gravimetric water content (w) – tensile strength (Tf) scale. 

 

Figure 1.14. Direct tensile strength of URE according to gravimetric water content [67,88,92] 
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It can be observed from Figure 1.14 that the tensile strength of URE has the trend to be 

decreased due to the increase of water content (w). However, for the results from different 

authors or the results from the same author but different material types, the same water content 

(w) does not lead to the same tensile strength. It means that, similar to UCS, tensile strength of 

URE is also influenced by the GSD, d) and water. Instead of forecasting tensile 

strength based on the aforementioned parameters, researchers are more inclined to develop a 

relationship between tensile strength and UCS, because UCS is extensively and regularly used 

as a measure of the mechanical resistance of various URE materials. Bui et al. [130] found that 

tensile strength of URE may be estimated equal to 0.11 times of UCS value.  [81] 

recommended the ratio between tensile strength and UCS of URE equals to 0.1 when UCS over 

1 MPa, and the ratio equals to 0.2 for URE with UCS lower than 1 MPa. To have a global view 

about the relation of direct tensile strength (Tf) and UCS of URE materials, the experimental 

results from different authors [67,87,88,92,130,135] are investigated in this work, and the 

results are presented in Figure 1.15. 

 

 

Figure 1.15. Direct tensile strength of URE according to UCS [67,87,88,92,130,135]  
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The results show that the tensile strength is more correlated to UCS than water content (w) for 

various UREs. Thus, it may be suitable to predict the tensile strength through UCS of URE 

materials in a global view. 

 

1.2.1.2.2 Tensile strength of CSRE 

Several experimental tests [46,49,57,67,85,87,88,92,100,130–137] are investigated with the 

purpose of having a global view about the relation between the direct tensile strength (Tf) and 

UCS of CSRE. These investigations are compared with the results for URE as described in 

Figure 1.15, and the relation and the comparation are then presented in Figure 1.16. 

 

 

 

Figure 1.16. Direct tensile strength of URE and CSRE according to UCS 

[46,49,57,67,85,87,88,92,100,130–137] 

An approximately linear relationship seems exits for the correlation of tensile strength and UCS 

for CSRE and URE. Bui et al. [130] examined the correlation between the tensile strength and 

UCS of CSRE with and without cement, and they proposed a constant ratio of 0.11 for their 

correlation. A similar ratio of 0.1 is recommended by Meek et al. [138] for CSRE materials.  
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1.2.1.3 Elastic modulus at failure 

For a linear isotropic elastic material, its elastic behavior can be fully characterized by the 

knowledge of two elastic constants. Typical elastic constants used to characterize an isotropic 

solid are elastic modulus, Poisson's , the bulk modulus, the shear modulus, Lamé 

constants, and the components of the stiffness tensor. In this study, the CSRE and URE are 

considered as elastic perfectly plastic material, and two of the aforementioned parameters, 

namely, the elastic modulus at failure and Poisson's  are used to describe their elastic 

behaviors of URE and CSRE. This section introduces the elastic modulus of URE and CSRE. 

In actuality, the CSRE and URE are not the linear elastic material to a complete degree. Various 

studies have used different elastic modulus values (Figure 1.17) to appropriately represent the 

elasticity of a material.  

 

Figure 1.17. Schematic of various elastic modulus used to describe the elastic behaviors of 

CSRE and URE 

1.2.1.3.1 Elastic modulus at failure of URE 

Bui & Morel [139] studies the anisotropy of URE, and their experimental results show that the 

resilient modulus of URE first increases with loadings and then remains the same at a high 

stress level. They considered that the phenomenon may be generated by microcrack closures in 
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the perpendicular (compacting) direction and not in the parallel direction. The elastic modulus 

at failure in the two directions of the test are varying in almost the same range between 67 and 

81 MPa perpendicular to layers and between 68 and 76 MPa parallel to layers. They observed 

that the low levels of preloading the failure moduli in the direction parallel to the layers are 

superior to those perpendicular to the layers (by about 25%). Parul Chauhan et al. [31] studies 

the variation of initial tangent modulus with different imposed suctions during UCS tests for 

the stress path of q/p=3. The initial tangent modulus decreases almost 3 times as the suction (s) 

reduces from 331.3 MPa to 3.8 MPa while it remains constant at high suction (s) values. In 

addition, their results show that the resilient modulus decreases as the loads of loading-

unloading path increases. The decreasing of the resilient modulus during loading-unloading 

condition is also observed by Bui et al. [87]. Bertrand François et al. [86] studies the variation 

of Young’s modulus of URE according to suction (s) by performing UCS test where the stress 

path is q/p=3. The Young’s modulus was obtained as the steepest slope of the axial stress – 

axial strain curve in a strain interval of 0.2%. Bui et al. [87] obtained the  Young’s modulus  for  

stresses below 15% of maximum stress value of 0.12MPa in their studies. Moreover, the elastic 

modulus at failure decreases on the wetting path and it increases on the drying path due to the 

variation of water content (w). Since the UCS is popularly used to estimate the elastic behavior 

of earth soil [140,141] and concrete [142–144], then the relation between UCS and elastic 

modulus at failure of URE is investigated by consulting the experimental results [31,64,83,88–

90,135]. The related results are presented in Figure 1.18. 
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Figure 1.18. Elastic modulus at failure of URE according to UCS [31,64,83,88–90,135] 

It can be observed from Figure 1.18 that the stiffness of URE is increased as the strength 

increases. In addition, an approximate linear relation is observed between the modulus at failure 

and UCS for URE material. However, the elastic behavior of URE still varies for the results 

from different authors when the UCS keeps the same. It means there are other potential factors, 

such as GSD, water, dry density, may influence the elastic characteristics of URE at the same 

time. 

 

1.2.1.3.2 Elastic modulus at failure of CSRE 

Some experimental results [28,31,38,46,54,57,64,83,88–90,135,135,145] are investigated with 

the purpose of having a global view about the relation between the elastic modulus at failure 

and UCS of CSRE. These investigations are compared with the results for URE as described in 

Figure 1.18, and the relation and the comparation are then presented in Figure 1.19. 
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Figure 1.19. Elastic modulus at failure of CSRE and URE according to UCS 

[28,31,38,46,54,57,64,83,88–90,135,135,145] 

The comparations described in Figure 1.19 shows that the stiffness of CSRE is also increases 

with UCS for all types of CSREs. Owing to the addition of cement, CSRE has a higher elastic 

modulus at failure than URE in a global view when UCS remains the same. Similar to URE, 

apparent discrepancies can be observed due to the variation in material types. 

 

1.2.1.4 Poisson’s ratio of URE and CSRE 

It has been found in rock mechanics that the Poisson’s  of rock [146] varies in the range 

of 0.05 to 0.4, and increases when elastic modulus [147] and suction (s) decreases [148]. And 

similar phenomena are showed by Xu et al. [90] and Champiré et al. [89]. By knowing the 

volumetric strain and vertical strain, the experimental results from Xu et al. and Champiré et al. 

show that the Poisson’s  decreases when with suction (s) and loading pressure increases. 

In this work, since URE and CSRE are considered as isotropic elastic perfectly plastic material, 

the effects of loading pressure on Poisson’s  are not considered. And the Poisson’s ratio 

 is correlated only to water content (w) for simplicity. 
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Figure 1.20. Poisson’s  of URE and lime stabilized rammed earth according to water 

content (w)  [87] 

Anglade et al. [37] found that Poisson’s  of URE changes in the range of 0.25 to 0.45. 

Bui et al. [87] observed that Poisson’s ratio  of URE is decreased from around 0.37 for a wet 

condition to about 0.2 when the material is dried (water content (w) <4%). François et al. [86] 

took the value of 0.25 to simulate the structural behaviour of URE building under hygroscopic 

conditions. Meek et al. [138] tests the Poisson’s ratio  of CSRE, and they considered the 

value of 0.2 may be a reasonable value for CSRE at dry conditions. The relation between 

Poisson’s  and water content (w) for URE and lime stabilized rammed earth [87] are 

illustrated in Figure 1.20. 

1.2.2 Thermal behaviors 

When building materials are subjected to an inside thermal input, two main material thermal 

capacities are usually considered. One is the capacity of heat insulation, and another is the 

capacity of heat storage. And when the two capacities are considered at the same time, the 

thermal diffusivity is often used to indicate the capacity of the material to conduct thermal 

energy with reference to store thermal energy [149]. Materials with low thermal diffusivity 

require a larger time to return to an thermal equilibrium state than materials with high thermal 
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diffusivity [150]. In this section, the properties of heat insulation and storage of URE and CSRE 

are introduced with the notion of thermal conductivity and specific heat capacity, respectively. 

 

1.2.2.1 Thermal conductivity 

The RSI (m2·K·W-1) value is defined as the thickness divided by thermal conductivity [151], 

which is a measure of resistance to heat flow through a given thickness of a building material. 

And the higher the RSI, the more thermal resistance the material has and therefore the better its 

insulating properties. According to the definition of RSI, the thermal resistance can be improved 

by increasing the wall thickness or decreasing the thermal conductivity of the building material. 

In this part, we focus on the thermal conductivity of the material itself, since the wall thickness 

can be changed easily in practice. 

 

1.2.2.1.1 Dry density effect on thermal conductivity of URE 

Various methods have been attempted to decrease the thermal conductivity of URE. Correia da 

Silva et al. [152] observed that the inclusion of 10% expanded granulated cork in URE improves 

the thermal insulation by 12% but reduces strength by 28% at the same time. Stone et al. [153] 

found that the 20% additions of expanded perlite in URE improves the thermal insulation by 2% 

but reduces strength by 50%. Karrech et al. [154] observed that the 25% additions of 

Polystyrene in CSRE increases the thermal insulation by 250% but decreases the strength by 

91%. Moreover, the inclusion of Spinifex fibers increase the thermal resistance [155], and the 

additions of crumb rubber reduces the strength and the rate of temperature (T) variations 

[156,157]. The causes of these changes are still unclear and are under investigation. 

Generally, URE materials have the thermal conductivities ranges from 0.6 to 1.6 W·m-1·K-1 

[158], and it increases with the increase of density [82,135,159–161]. The thermal conductivity 

varies in the range of 0.6 to 1.5 W·m-1·K-1 which is considered as low thermal resistance [155]. 

To better understand the thermal conductivity of  URE materials, we investigated the effects of 

d) [37,162–170] on the thermal conductivity of various URE materials and the 

related results are presented in Figure 1.21. 
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Figure 1.21. Effect of dry density on the thermal conductivity of URE materials [37,162–170] 

1.2.2.1.2 Dry density effect on thermal conductivity of CSRE 

When cement is added to URE material, URE will be transferred to CSRE material. The effect 

of additional cement on the thermal behaviors of CSRE are introduced in the following texts 

(effects on mechanical strength of CSRE have been illustrated in section 1.2.1). 

Saidi et al. [171] found that the thermal conductivity of after-cured dry CSRE increases with 

initial cement content. However, Laurent [163] observed the thermal conductivity of after-cured 

dry CSRE slightly decreases with initial cement content. Some authors [172,173] found that the 

addition of cement and the hydration process has a negligible effect on the thermal conductivity 

of wet CSRE after curing. The experimental results from Laurent [163] indicates that the 

variations of temperature (T) in the range of 0 to 60 ºC does not have apparent effects on thermal 

conductivity of CSRE without cement (URE). Zhang et al. [173] have investigated the thermal 

conductivity of CSRE and concluded that the thermal conductivity of CSRE is mainly 

influenced by the d) and water content (w). Furthermore, when the d) 

keeps the same, the thermal conductivity of CSRE is mainly affected by water content (w) and 

less influenced by cement content [174]. To have a global understanding about rammed earth 

materials, by neglecting the effects of temperature (T) [175], we investigated the effects of dry 
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d) [37,135,154,162–170,176–188] on the thermal conductivity of various rammed 

earth materials from URE to CSRE, concrete, cement mortar and other stabilized rammed earth. 

And the investigation results are presented in Figure 1.22. 

 

Figure 1.22. Effect of dry density on the thermal conductivity of URE, CSRE and other 

stabilized rammed earth materials [37,135,154,162–169,176–187] 

It can be observed from Figure 1.22 that the thermal conductivity of the studied building 

materials changes in the range of 0.3 to 2.9 W·m-1·K-1. The thermal conductivities of all the 

studied materials are increased with the d). The cement mortar has the highest 

thermal conductivity than other materials due to a higher mass of water included in the material. 

And the cement mortar and concrete have relatively higher thermal conductivity (or lower 

thermal insulation) than all types of studied rammed earth materials. In addition, the thermal 

conductivity of rammed earth varies in the range of 0.3 to 1.6 W·m-1·K-1, and no apparent 

differences have been observed for URE, CSRE and other stabilized rammed earth materials. 

The results from Laurent and Toufigh & Kianfar indicate that the thermal conductivity of URE 

and CSRE is more influenced by d) than the cement additions. And the results 

from Anglade et al. show that, even with a low d) (<1800 kg·m-3), the saturated 

URE still process high thermal conductivity over 1.1 W·m-1·K-1. It means the effects of water 
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plays an important role in the thermal resistance of URE material. Valore [187]  proposed an 

empirical equation to estimate oven dry concrete thermal conductivity based on d). 

Base on Valore’s equation Akers et al. (ACI committee) [185] proposed to describe the air dried 

thermal conductivity of concrete, and these predictions show that oven dried concrete has lower 

thermal conductivity than air dried concrete due to the existence of water. However, the method 

proposed by Penicaud [188] shows a higher thermal conductivity of the concrete. These 

discrepancies indicate that the thermal conductivity of concrete cannot be accurately predicted 

solely by d), and the effects of water need to be at least considered. Similarly, 

predicting the thermal conductivity of earth materials solely based its d) [170,189] 

or water content [189] may not be convincing. If it is necessary, the other potential influential 

factors are needed to be confined. In fact, various models considering both the effects of dry 

density (or porosity) and water [190–198] have been proposed to estimate the thermal 

conductivity of unsaturated soils and their predictions are compared with the experimental data 

as presented in Fig 1.22. 

 

1.2.2.1.3 Saturation effect on thermal conductivity of URE 

As introduced in section 1.2.2.1.2, since URE are produced with the unsaturated soils and CSRE 

is in the middle of raw soil and ordinary concrete, therefore, the effects of water 

[37,154,162,164,165,176,177,179,180] on the thermal conductivity of rammed earth materials 

are also needed to be considered for better predicting their thermal behaviors. Most studies 

focus on one of these factors without controlling other parameters thoroughly and strictly. 

Therefore, the thermal properties of URE and CSRE are not well understood for the lack of 

considering the effects of water, density, soil mineral components etc. at the same time. To 

better understand the thermal behavior of CSRE and URE, the experimental results considering 

both the effects of material density and water (introduced in section 1.2.2.1.3 and 1.2.2.2.4) are 

investigated in this work. 

At first, the effects of water saturation (Sr) on the thermal conductivity of various URE 

[37,162,164,165,180] are investigated, and the related results are presented in Figure 1.23. 
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Figure 1.23. Effect of water saturation on the thermal conductivity of URE materials 

[37,162,164,165,180] 

1.2.2.1.4 Saturation effect on thermal conductivity of CSRE 

After that, the effects of water saturation (Sr) on thermal conductivity of CSRE as well as lime 

stabilized rammed earth are investigated, and the related results are combined and presented 

together in Figure 1.24. 
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Figure 1.24. Effect of water saturation on the thermal conductivity of soil, URE, CSRE and 

lime stabilized rammed earth materials [37,154,162,164,165,176,177,179,180] 

It can be observed from Figure 1.24 that the thermal conductivity of all types of rammed earth 

materials are increased with the water saturation (Sr). Confusingly, it seems that the addition of 

cement and lime increase the thermal conductivity of URE when the saturation (Sr) keeps the 

same. However, this phenomenon is caused due to the variations of material dry density ( d). 

Because the investigated URE materials in Figure 1.24 have the dry density ( d) varying in a 

lower range of 1500 to 1800 kg·m-3 than the range of 1800 to 2100 kg·m-3 for CSRE and lime 

stabilized rammed earth. Moreover, when both the d) and saturation (Sr) of CSRE 

and lime stabilized rammed earth remain the same, their thermal conductivity values are close. 

 

1.2.2.2 Heat capacity of URE and CSRE 

Minimizing the thermal conductivity or maximizing the RSI value [154] in the rammed earth 

components in order to minimize the heat transfer is perceived sufficient as a criterion of 

thermal performance. However, it neglects the significance of heat capacity which indicates the 

thermal energy storage capacity of the material [149]. Generally, two types of heat capacities 

are widely used in engineering field. One is the volumetric heat capacity reflecting the heat 

storage capacity in unit volume, and another is the specific heat capacity showing the heat 
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storage capacity in unit weight. The specific heat capacity is calculated by dividing the 

volumetric heat capacity with bulk density. In this work, the specific heat capacity is used for 

investigations. 

The specific heat capacity of rammed earth material consists of three parts, namely, the specific 

heat capacity of solid, water and gas. The heat capacity of gas in rammed earth is usually not 

considered for its neglectable weight. Therefore, the combination of the other two main factors, 

namely, water and solid gives the specific heat capacity of rammed earth. It has been proved 

that the specific heat capacity of URE increases with water content (w) due to a high specific 

heat capacity of water [163,199]. Since the thermal properties of water is well measured and 

understood in history [200–202], the solid part in URE and CSRE material is mainly focused 

in this work. Since URE is produced solely by soil, then the specific heat capacity of dry soil is 

also investigated. To eliminate the effects of water, only the specified heat capacities of raw 

soil [180,203], URE [37,162,164,165,179], CSRE [154,176] and concrete [181] under dry 

conditions are investigated. And the results are presented in Figure 1.25. 

 

Figure 1.25. Specific heat capacity of dry soil, URE and CSRE according to material dry 

density [37,154,162,164,165,176,179,180,203] 

It can be observed form Figure 1.25 that the d) is not the main factor influencing 

the specific heat capacities of the studied materials. In addition, the specific heat capacity of 
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dry CSRE and URE vary in the range of 600 to 1200 J·kg-1·K-1, and no apparent differences 

have been observed for the specific heat capacity of dry soil, URE and CSRE.  

1.2.3 Hydraulic behaviors 

As introduced in section 1.2.1 and 1.2.2, the water is one of the most essential factors 

influencing the mechanical and thermal behaviors of both URE and CSRE. The mass of water 

may change continuously with time after compaction, which makes the materials under 

saturated and unsaturated conditions. The water flow in unsaturated soil is dominated by the 

two main hydraulic properties [72,204,205], namely, the soil water retention curve (SWRC) 

and water permeability (or hydraulic conductivity). These two properties are introduced in the 

section 1.2.3.1 and 1.2.3.2 respectively. 

 

1.2.3.1 Soil water retention curve (SWRC) 

For earth materials, the water content (w) and suction (s) are related to each other, and the 

relations between them form a fundamental material property known as the soil water retention 

curve (SWRC). The water content (w) can be related to the gravimetric water content (w), 

volumetric water content or sometimes the degree of water saturation (Sr). Moreover, the 

degree of water saturation (Sr) is related to the volumetric water content through: = .  

 

1.2.3.1.1 Soil water retention curve (SWRC) of URE  

It has been observed that the [206] SWRC can be changed by saturation and desaturation cycle 

of the soil, and this effect is called the hysteresis of SWRC. We investigated the saturation-

desaturation cycle on SWRC of URE with the results form Chauhan et al. [31], and the results 

show that hysteresis of SWRC for URE is not obvious. Furthermore, the effects of temperature 

on compacted soil with constant dry density is also studied by consulting the results from Villar 

and Lloret [207]. The effects of saturation-desaturation cycle and temperature on SWRC are 

presented in Figure 1.26.  
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Figure 1.26. Effects of saturation-desaturation and temperature on SWRC of URE [31,207] 

For the same material, it can be observed with the results from Chauhan et al. that the water 

retention capacity is decreased under the saturation process due to the decrease of suction. It 

has been found that the hysteresis effects seem diminish when the soil density (>1700kg·m3) 

increases [208], and URE is compacted with raw soils and it is usually compacted at the highest 

dry density (MDD), thus, the hysteresis effects on URE is not apparent. Furthermore, the higher 

the temperature, the lower the water retention capacity for the same material [207]. However, 

the effects of temperature on SWRC are not significant. The non-obvious of temperature on 

SWRC is also concluded by Ye et al. for compacted soil [209]. Therefore, the effects of 

saturation-desaturation and temperature on SWRC of URE are not considered in this work. 
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Figure 1.27. Effects of GSD on SWRC of URE [13,70,86,207,210,211] 

It has widely been found that GSD has great influences on SWRC. In this work, the mineral 

effect of the soil is neglected, and the fine content is used to reflect the effects of GSD for 

simplicity. Some URE materials [13,70,86,207,210,211] with different fine contents are 

investigated, and the results are presented in Figure 1.27. The results show that SWRC is 

apparently influenced by the changings of fine content, and the retention capacity is increased 

when fine content increases. 

 

1.2.3.1.2 Soil water retention curve (SWRC) of CSRE 
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Figure 1.28. Effects of cement content and curing time on SWRC of CSRE [46] 

After URE, the SWRC of CSRE is also studied. In Figure 1.28, the experimental results from 

Alkiki et al. [46] show that the CSRE follows similar SWRC. The SWRC of CSRE is not 

significantly affected by cement content and curing time. And this slight influences of cement 

hydration on the SWRC is also found by Vitale et al. [212] for cemented soil. Therefore, the 

effects of cement hydration on SWRC are not considered in this work. 

 

1.2.3.2 Permeability of URE and CSRE 

Generally, two parameters are frequently used in engineering field as the indicators to show the 

mobility of water within a porous media. One is the intrinsic permeability, and another is the 

hydraulic conductivity. The hydraulic conductivity can be calculated through intrinsic 

permeability by knowing the water density, water viscosity and gravity. It means that, when the 

hydraulic conductivity is used, the water mobility is also affected by water density, water 

viscosity and gravity. For example, the dynamic viscosity of liquid water is decreased when 

temperature increases [213], then the hydraulic conductivity of URE and CSRE can be also 

influenced by the temperature related properties of water. Therefore, to eliminate the effect of 
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having multiple variables at the same time, the intrinsic permeability is used in this work. It has 

been found that the intrinsic water permeability (hydraulic conductivity) of engineering 

materials, such as soil [214], rock [215] and concrete [216] is decreased when the material dry 

density increases. In addition, the intrinsic permeability of gas decreases [217] and intrinsic 

permeability of water increases [218,219] when water content increases. And the intrinsic 

permeability of gas and water can be decreased or increased over 10000 times [220–224] with 

the increment of water content. Theoretically, intrinsic permeability is solely depended on the 

pore geometry of the material, and it is independent of the properties of the fluid. Therefore, 

the intrinsic permeability measured by using the gas as the pore fluid at dry condition should 

be the same as that measured by using the water at saturated condition. However, Klinkenberg 

[225] observed that the saturated intrinsic permeability of gas is higher than that of water, 

because that the saturated water intrinsic permeability is obtained by suing Darcy’s law which 

neglects the collisions between gas molecules and the solid particles. Tanikawa and Shimamoto 

[226] found that the intrinsic gas permeability is less than two times of the water permeability, 

when the intrinsic water permeability is higher than 10E-16 m-2. Li et al. observed that the 

intrinsic gas permeability of dry cement paste almost equals to that of intrinsic saturated water 

permeability [227]. For the reason that CSRE (URE) experiences wide range of water content 

variations during its lifetime, and water has much more significant on the permeability (may be 

decreased or increased over 10000 times). Therefore, the Klinkenberg effect is not considered 

in this work, and the intrinsic saturated water permeability is considered equals to the intrinsic 

gas permeability under dry condition.  

After that, the intrinsic gas permeabilities of a typical URE material under dry and wet 

conditions are investigated, and the experimental results are presented in Figure 1.29. The 

results [228] show that the investigated URE material has the intrinsic gas permeability around 

1.2E-14 m-2 under dry condition. In addition, the gas permeability decreases with the water 

saturation. However, the intrinsic gas permeability decreases only about 30%, which is 

significantly lower than the soils [220–224] that are transferred from dry to totally saturated 

condition. This is caused by a narrow range of saturation variations from 0 to 0.16. Moreover, 

it can be observed that the drying and wetting cycle also influences the material permeability, 

namely, the saturation path increases the gas permeability. However, this hysteresis effect is 

not obvious compared to that of saturation.  



CHAPTER 1.  LITERATURE REVIEW 

40 

 

 

Figure. 1.29 illustrates the influence of curing time on the evolution of the gas permeability 

[228]. 
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Figure. 1.30 illustrates the influence of curing time on the evolution of the gas permeability 

[46]. 

The permeability of various cementitious materials, for example, cement [229], cement paste 

[230], cement mortar [231] and concrete [232]  decreases with the increases of cement content, 

and increases with the decrease of water cement ratio. We investigated the effects of water, 

cement and curing time on the permeability of CSRE [46], and the results are presented in 

Figure 1.30. It shows that, similar to the aforementioned cementitious materials, the 

permeability of CSRE also decreases with the increases of cement content, and increases with 

the decrease of water cement ratio. The behavior is caused by the reason that higher cement 

content leading more cement to be reacted with water, which produces more binders refining 

the pore structure and reducing the porosity of the material. In addition, the permeability 

increases with the decrease of water cement ratio, since lower water cement ratio decreases the 

pacing between cement particles [233]. Furthermore, as the curing time increases, the 

permeability decreases. This is caused by the increasing amount of cement hydration products 

during the hydration process with time. The hydration products lead to a progressive refinement 

of the pore structure and reduction of the porosity of the CSRE materials by means of filling 

the pores in the cemented matrix and blocking the interconnected pores by the aforementioned 

hydration products. 

1.3 Conclusion 

This chapter provides an overview of the rammed earth (RE) construction technique and its 

uses for the fabrication of unstabilized rammed earth (URE) and cement stabilized rammed 

earth (CSRE) materials. To understand their fundamental engineering properties and the factors 

influencing the properties of the two materials, as well as the interconnection and distinction 

between the researched materials, a literature review regarding the thermo-hydro-mechanical 

behaviors of URE is conducted. Since CSRE is produced based on URE, the chemo-thermo-

hydro-mechanical behaviors of CSRE is investigated after URE. The literature research reveals 

that the properties of URE and CSRE vary greatly for different experimental results in the 

literatures, and the absence of a global perspective on all types of URE and CSRE materials 

impedes the development of a globally recognized standard for URE and CSRE materials. In 

addition, it has been discovered that the material type, the production method, and the later 

continuous interaction between the materials and the environment have a substantial impact on 
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the long-term chemo-thermo-hydro-mechanical (CTHM) properties of URE and CSRE . A 

model that can describe and forecast the time-dependent CTHM of all types of URE and CSRE 

materials from a global perspective is of essential importance for the application of these 

materials and the development of industry standards. In the subsequent chapter, a finite element 

model is proposed to estimate the long-term CTHM characteristics of various URE and CSRE 

materials. 
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Chapter 2.  Numerical method 

With the aim of understanding the structural behavior of both URE and CSRE construction by 

using a unique model, the chemo-thermo-hydro-mechanical equations used for the numerical 

simulations of CSRE (URE) including the cement hydration, moisture transfer, heat transfer, 

failure criterion as well as the interactions between CSRE (URE) constructions and the 

surrounding environments are introduced. In addition, the finite element method is used for 

simulation and the corresponding partial differential equations are solved with the software 

COMSOL Multiphysics. 

2.1 Cement hydration process in CSRE (URE)  

The chemical reaction between cement and water consumes the cement and water that are 

initially added in the raw soil, which leads to the decreases of water content and increases of 

degree of cement hydration. Moreover, the heat released during the hydration process 

accelerates the chemical reaction, which in turn increases the water and cement consumption. 

In this section, the water and temperature dependent cement hydration, the water consumption 

and the heat release during the hydration process are introduced.  

2.1.1 Degree of cement hydration 

Since there is no cement in the natural soil, the effects of cement hydration on the characteristics 

of URE and underground soil are disregarded. The hydration process in CSRE material is 

depicted by the notion of the degree of cement hydration, whose value is defined by dividing 

the chemically consumed mass of cement to the mass of cement that is initially added in CSRE. 

In addition, the degree of cement hydration is calculated according to Hansen & Pedersen [234]: 

 = = exp  (1) 

where  (-) is the degree of hydration, r (-) is the relative degree of hydration, max (-) is the 

maximum degree of hydration, h (h) and h (-) are constant time and shape parameters for 

hydration process, te (s) is the equivalent age. 

The maximum degree of hydration depends on the amount of cement and water that are added 

to the soil mixture [235], whose value can be obtained through [236]: 

 =
. /

. /
 (2) 

where wini (-) is the initial water content in the material, cini (-) is the initial cement content. 
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Since the heat released by cement hydration [237] and the curing humidity also affect the 

hydration process, then the equivalent age of hydration are related to the current temperature 

[238] and the relative humidity of the material, whose value is obtained through [239] : 

 =
.

.
exp  (3) 

where RH (-) is the material relative humidity, Ea (J·mol-1) is the activation energy of cement 

hydration, R (J·mol-1·K-1) is the gas constant, Thr (K) is the reference temperature (293.15K), 

T (K) is the material temperature, t (s) is the time.  

The value of activation energy is adopted with the following equations [234]: 

 =
33500 + 1470(293.15 ), < 293.15

33500, 293.15
 (4) 

 

2.1.2 Water consumed by cement hydration 

Throughout the hydration process, the proportion of water used by direct chemical reactions to 

the mass of hydrated cement remains constant [240]. In addition, the cement hydration products 

absorb almost the same quantity [240–242] of free water as is consumed by the chemical 

process, and the absorbed water exists as chemisorbed (physically adsorbed) water [243]. 

Therefore, the cement hydration water source is acquired using [244,245]: 

 = + = + = 2  (5) 

 = 0.187 + 0.158 + 0.665 + 0.213  (6) 

where wwh (kg·m-3) is the total water mass consumed in unit volume due to cement hydration, 

wwch (kg·m-3) is the mass of chemically consumed water per unit volume during the hydration 

process, wab (kg·m-3) is the physically absorbed water by hydration products during the 

hydration process in unit volume, wch (kg·m-3) is the mass of cement chemically reacted with 

water in unit volume, whc (-) is the mass ratio of chemically reacted water to reacted cement, 

dini (kg·m-3) is the initial dry density, i (-) means the mass content of the related component 

(C3S, C2S, C3A, C4AF, SO3, FreeCaO, MgO) in the cement. 

 

2.1.3 Heat released by cement hydration 

The reaction between cement and water in CSRE generates additional heat. The source of heat 

created by the hydration process is characterized as: 
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 =  (7) 

 = 500 + 260 + 866 + 420 + 624 + 1186 + 850

 (8) 

 

where Qhy (W·m-3) is the heat source due to the cement hydration, Hcem (J·m-3) is the hydration 

heat when the cement is 100% hydrated. 

2.2 Water flow in CSRE (URE) 

Water is considered an incompressible liquid, and its density is considered to be influenced 

solely by the temperature [246,247]. CSRE is treated as an unsaturated porous material [13,70]. 

According to the classic theory used for unsaturated soil materials [78,248,249], the inside 

water flow by considering the volume changes can be described as: 

 ( ) + + + ( ) + ( ) = 0

 (9) 

where n (-) is the porosity, Sr (-) is the saturation, Dw (m2·s-1) is the diffusivity of water [250], 

w (kg·m-3) is the density of liquid water [246], Cm (m-1) is the specific liquid water capacity, g 

(m·s-2) is the gravity acceleration, s (Pa) is the total suction, vw (m·s-1) is the liquid water 

velocity, v (-) is the volumetric strain, mwh (kg·m-3·s-1) is the total water source due to cement 

hydration. 

The porosity of the material changes due to the mechanical deformation and accumulation of 

the hydration process, and its variation can be derived from the mass balance equation: 

 (1 ) + (1 ) = =  (10) 

where wwch (kg·m-3) is the mass of chemically consumed water during the hydration process in 

unit volume, and so (kg·m-3) is the density of solid particles. 

The initial porosity nini (-) of the material is calculated through: 

 = +  (11) 

where dini (kg·m-3), c (kg·m-3) and s (kg·m-3) are the initial dry density of CSRE, the cement 

particle density and the soil particle density.  

The dry density of the CSRE (URE) material is considered to be obtained by knowing the mass 

of dry solid particles after the specimen has been crushed. Thus, the increased dry density of 

the material is calculated according to the mass of hydrated water that is consumed during the 

hydration process through: 
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 = (1 ) = (1 ) + = (1 )
1+

+  (12) 

where so (kg·m-3) is the density of the solid particles, soini (kg·m-3) is the initial density of the 

solid particles. 

Since rammed earth materials are usually compacted at their MDD (OWC) conditions and then 

used for construction, thus, the initial water content (initial dry density) can be considered equal 

to OWC (MDD). Since the stabilizer has a negligible effect on the OWC [251] and MDD of 

CSRE (URE), the following equation [252] proposed for compacted raw soil (Figure 1.5) is 

used to describe the initial water content and initial dry density of CSRE (URE) in a global 

view: 

 =
.

 (13) 

where wopt (-) is the optimum water content, opt (kg·m-3) is the maximum dry density. 

The total suction is calculated through Kelvin equation [253] by relative humidity and 

temperature variation:  

 = ln  (14) 

where Mw (kg·mol-1) is the molar mass of water molecule.  

The liquid water velocity is calculated through Darcy’s law [254]: 

 = ( + ) (15) 

where  (m2) is the saturated water liquid water permeability, rw (-) is the relative liquid water 

permeability, w (Pa·s) is the dynamic viscosity of liquid water, g (m·s-2) is the gravity 

acceleration and D (m) is the water head. 

The dynamic viscosity of liquid water is obtained through [255]: 

 = 5.0 × 10 ( 273.15) 3.0 × 10 ( 273.15) + 0.0018 (16) 

The saturated liquid water permeability is obtained through Kozeny-Carman equation 

[256,257]: 

 =  (17) 

where CKC (m2) is a material constant parameter equal to 3.81*10-13 [228,258] and es (-) is the 

void ratio (obtained from the prosity of the material). 

According to the Mualem equation [224], the relative  permeability of water is obtained 

through: 
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 = 1 1 , > 0

1 , < 0

 (18) 

where lVG (-) is a constant value equals 0.5 [259], mVG (-) and nVG (-) are material dependent 

constant, their values are corelated with the equation [72]: 

 = 1  (19) 

The van Genuchten (VG) [72] model by considering the effect of fine content [158,260] for 

URE (zero cement content) is adopted to illustrate the SWRC (in suction-saturation scale) of 

CSRE whose average dry density is 2000 kg·m-3 through: 

 =

1

 (20) 

where VGp (kPa-1) is a material-dependent constant value. 

To obtain these SWRC parameters, several reported SWRCs of UREs in literature 

[13,31,64,86,87] are presented in the volumetric water content-suction plane in Figure 2.1. We 

fit these curves by using van Genuchten (VG) equations and the fitted parameters are presented 

in Table 2.1. 

SWRC of various URE materials 

Reference 
Dry dens 

ity (kg·m-3) 
Fine 

content (-) VGp (kPa-1) nVG (-) mVG (-) r (-) s (-) R2 

Nowamooz & 
Chazallon [13] 

2000 0.04 0.02542 1.4 0.29 0.0068 0.230 0.97 

François et al. [86] 2000 0.83 0.00085 1.4 0.29 0.0030 0.230 0.97 

Bui et al. [87]- M1 1920 0.35 0.00119 1.4 0.29 0.0234 0.261 0.88 

Bui et al. [87]- M2 1920 0.55 0.00342 1.4 0.29 0.0103 0.261 0.94 

Bui et al. [87]- M3 1920 0.47 0.00129 1.4 0.29 0.0032 0.261 0.95 

Chauhan et al. [31]-
desaturation path 

1860 0.61 0.00167 1.4 0.29 0.0115 0.285 0.96 

Chauhan et al. [31]-
saturation path 

1860 0.61 0.00176 1.4 0.29 0.0091 0.285 0.97 

Jaquin et al. [64] 2039 0.30 0.00610 1.4 0.29 0 0.216 0.98 

Table 2.1. VG parameters for different reported SWRCs of URE materials [13,31,64,86,87] 
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Figure 2.1. Fitted SWRC compared to experiment results reported by different 

authors[13,31,64,86,87] in volumetric water content -suction plane 

The parameter nVG (-) is assumed not affected [261,262] by dry density for a high range of 

suction of a typical CSRE construction drying in the environment. Therefore, the parameters 

mVG (-) and nVG (-) are respectively taken equal to 1.4 and 0.29 in this study. The residual 

volumetric water content r (-) is considered constant equal to 0.0045. Since VG is inversely 

related to the air entry value [72]. As, a higher fine content leads to a higher air entry value, 

VGp is correlated to fine content through (Figure 2.2): 

 = 1000 = 0.001  (21) 
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Figure 2.2. Variations of p according to fine content 

According to the van Genuchten model [72], the specific liquid water capacity is dominated by 

the variation of the degree of saturation due to the suction change, expressed by: 

 =
( ) 1 , > 0

0 , < 0

 (22) 

Where s (-) is the saturated volumetric water content.  

The volumetric water content is calculated through the saturation and the residual volumetric 

water content: 

 = + ( ) (23) 

where  (-) is the volumetric water content. 

 

2.3 Heat transfer in CSRE (URE) 

The variation of temperature influences the cement hydration, water flow and mechanical 

behaviors of the material, which leads to different material’s chemo-hydro-mechanical 

characteristics. Therefore, it is necessary to consider the effect of temperature on the CTHM 
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properties of the material. The heat transfer process in the material is illustrated based on 

Fourier's law: 

 = + +  (24) 

where Ceff (J·kg-1·K-1) is the effective specific heat capacity, eff (kg·m-3) is the effective 

density, Cv (J·kg-1·K-1) and Ca (J·kg-1·K-1) are water vapor specific heat capacity and dry air 

specific heat capacity [263], a (kg·m-3) dry air density, Cw (J·kg-1·K-1) is the liquid water 

specific heat capacity [200], eff (W·m-1·K-1) is the effective thermal conductivity, vv (m·s-1) 

and va (m·s-1) is water vapor velocity of dry air velocity which is considered equal to the liquid 

water velocity. 

The density of water vapor is influenced by the temperature, relative humidity and saturated 

water vapor pressure: 

 =  (25) 

The dry air density a (kg·m-3) is obtained through: 

 =  (26) 

Where pat (Pa) is the total atmospheric pressure and Ma (kg·mol-1) is the dry air molar mass. 

The effective density eff (kg·m-3) of CSRE and underground soil are obtained through [199]: 

 = + [(1 ) ( + )+ ] (27) 

For CSRE material, the effective specific heat capacity Ceff (J·kg-1·K-1) is calculated with the 

equation [199]: 

 = + (1 ) ( + )+ /  (28) 

where Cs (J·kg-1·K-1) is the current specific heat capacity of solid particles, which mainly varies 

on the range of 600 to 1200 J·kg-1·K-1 (Figure 1.25). 

The specific heat capacity of water vapor Cv is calculated through  [263]: 

                   = 1869.1 2.58 × 10 ( 273.15) + 1.94 × 10 ( 273.15)  (29) 

The specific heat capacity of dry air Ca is calculated through [263]: 

= 1034 0.3( 273.15) +
×

273.15
×

+
273.15
×

 (30) 

The specific heat capacity of water Cw is given by [200]: 

 = 8958.9 40.535 + 0.11243 1.014 × 10  (31) 
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Figure 2.3. Comparison between the experimental results and analytical approach  thermal 

conductivity [162,164–169,171,176,178,179,264,265] 

The thermal conductivity of cement paste decreases with curing time [266], while the influence 

of cement on the thermal conductivity of cement-based soil can be neglected 

[172,173,267,268]. In addition, the thermal conductivities of CSRE are mainly dominated by 

the variation of dry density and saturation [173]. Based on the experimental results [162,164–

169,171,176,178,179,264,265], their values are then calculated with the equation 32 according 

to the method from [260]. And the predicted thermal conductivities are compared with their 

experimental values in Figure 2.3. 

 = 0.031 + 0.044  (32) 

where d (kN·m 3) is material dry unit weight. 

 

2.4 Mechanical behavior during the hydration process 

According to Newton's second law, the mechanical equations are described as: 

 = +  (33) 
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where u is the displacement vector,  is the Cauchy stress. 

The stress increment of the material is described by using Hooke's law: 

 =  (34) 

where  is the elastic modulus tensor obtained according to Poisson’s coefficient  (-) and 

the elastic modulus E (Pa).   is the elastic strain increment.  

The material strains are calculated through: 

 = + = +  (35) 

where ij (-) is the engineering strain tensor,  (-) is the elastic strain tensor,  (-) is the 

plastic strain tensor, u (m) is the displacement of a particle and x (m) is the position of the same 

particle in the deformed configuration. 

The plastic strains are obtained according to the plastic consistency condition and the associate 

flow rule: 

 = =  (36) 

 + = 0 (37) 

where Qp is the plastic potential, Fyield is a yield surface and d  is harding parameter. 

The yield surface of  Hoek & Brown [269] (HB) dependent on the compressive strength (UCS) 

and tensile strength (Tf) is used in this study. The Hoek–Brown (HB) yield surface has the form: 

 = 2 sin + 1  (38) 

 cos3 = /  (39) 

where L L /3) is the Lode angle, 1 (MPa) is the first principal stress, 3 (MPa) is the 

third principal stress, mHB (-) is a constant whose value is related to the initial cement content, 

and UCS (MPa) is the unconfined compressive strength of CSRE (URE), J2 and J3 are 

respectively the second and third deviatoric stress invariants. 

By consulting the experimental results in the literature, the fine content [158,260] is used to 

show the effect of suction on the UCS of different UREs that are compacted with the average 

dry density of 2000 kg·m-3. It gives a global regression coefficient (R2) of 0.93 in Figure 2.4 

with the form: 

 = , = [ + ln( +1)] ( 1) (40) 

where UCS0 (MPa) is the unconfined compressive of unstabilized rammed earth (URE), u0 

(MPa) and u1 (-) are constant parameters, and the suction s has the unit of MPa. 



CHAPTER 2.  NUMERICAL METHOD 

53 

 

 

Figure 2.4. Calibration results of UCS values with suction and fine content compared to the 

experimental results[14,31,64,87–90] 

The increment of mechanical resistance during the early curing periods is influenced strongly 

by the development of suction and the skeletal structure formed due to the cement hydration 

[270]. Once the additional cement is mixed in URE and compacted with the average dry density 

of 2000 kg·m-3, the strength of the material will start being affected by the hydration products. 

The hydration process is affected by the mass of water and cement that is added initially to the 

soil, as well as the degree of cement hydration influenced by the curing temperature and ambient 

relative humidity. Since the strength of cemented material is influenced by the degree of 

hydration, and the strength is considered linearly [271–273] related to the degree of hydration 

with time. Thus the unconfined compressive strength (UCS) of cement stabilized rammed earth 

(CSRE) is predicted by multiplying the effect of the initial water-cement ratio [116,274] by the 

degree of hydration [275,276] with the power of 1 through: 

 = , + ( , , ) = +  (41) 

where UCS1 (MPa) is the unconfined compressive strength of cement stabilized rammed earth 

(CSRE) with the average dry density of 2000 kg·m-3. 
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Figure 2.5. Unconfined compressive strength of  CSRE with cement 

[15,18,20,25,28,44,46,49,50,52–54,57,80,102,103], concrete [104–108] and CSRE without 

cement [27,31,60–67,69,83,89,93] according to the dry density in normal scale 

For the CSRE which is not compacted at the average dry density 2000 kg·m-3, the final strength 

may be different since the increase of initial dry density increases the strength of rammed earth. 

In the beginning, we focus on the strength of CSRE without cement (URE). The strength 

increments of URE, solely due to the density increases, consist of two parts.  Firstly, a higher 

dry density increases the suction in porous material due to a decreased pore size, and the 

increased suction leads to higher effective stress accordingly. Secondly, the variations of dry 

density change the contact conditions of soil particles in the material leading to a higher 

mechanical resistance regardless of the saturation condition (strength increases even in 

saturated conditions [277,278]). For the first part, the influence of suction is reflected due to 

the variations of the soil water retention curve. For the second part, since a linear strength 

relation [279,280] exists between the strength under saturated and dry conditions, then the dry 

density is considered to have the same effect on URE strength in saturated and unsaturated 

conditions. The above two assumptions lead to f2 ( ini) in the first part of equation 42. 
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Figure 2.6. Unconfined compressive strength of  CSRE with cement 

[15,18,20,25,28,44,46,49,50,52–54,57,80,102,103], concrete [104–108] and CSRE without 

cement [27,31,60–67,69,83,89,93] according to the dry density in normalized scale 

Then, we focus on the strength of the soil with the added cement. The additional cement 

modifies URE with no cement to the CSRE with intermediate cement content and then to the 

concrete with the highest cement content. The effect of initial dry density on the strength of 

CSRE is described with f3 ( ini) in the second part of equation 42. The authors have investigated 

the effect of dry density on the compressive strength of these three types of materials, and the 

results are presented in Figure 2.5. For CSRE (with and without cement), the results in Figure 

2.5 are normalized with the reference compressive strength of 3.76 MPa at the dry density of 

2000 kg·m-3. For the concrete with the maximum cement content [104–108], it is normalized 

by the compressive strength of 22 MPa corresponding to the dry density of 2000 kg·m-3. The 

normalized results are presented in Figure 2.6. In the normalized scale, the value of u4 is almost 

the same for both CSRE (6.2) and concrete (5.8). It reveals that the dry density has a similar 

effect (in percentage) on the strength increments of cement-based materials in this normalized 

scale.  Therefore, the effects of dry density on the strength of URE, CSRE and concrete are 

considered to be the same. Eventually, the UCS of CSRE, by considering the effect of grain 
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size distribution, suction, initial water content, initial cement content, initial dry density and 

degree of cement hydration, is described in the form: 

= , ( ) + ( , , ) ( ) = +

 (42) 

where the effects of initial dry density on the strength of URE is f2 ( ini) and on the increment 

strength of CSRE is f3 ( ini), UCS (MPa) is the unconfined compressive strength of cement 

stabilized rammed earth (CSRE), u2 (MPa), u3 (-) and u4 (-) are constant fitting parameter. 

It should be pointed out that the fitting parameters u0 (MPa), u1 (-), u2 (MPa), u3 (-) and u4 (-) 

are not constant for different rammed earth materials. For a typical unstabilized rammed earth 

material, u0 and u1 are taken as 1 and 0.829 [158]. Globally, for a typical cement stabilized 

rammed earth material, u4 is taken as 6 which value is obtained from the results presented in 

Figure 2.6 in the normalized scale. The value of u2 varies in the range of 0.1 to 72, and u3 varies 

between 0.5 and 3 for cemented soil [115,274,281–284]. In particular, when u3 and  are equal 

to 1, then the equation degrades to the Bolomey expression [285,286], which is often used to 

predict the strength of concrete materials. When the effect of dry density, grain size distribution 

(fine content) and suction is not considered, the proposed equation degrades to the generalized 

Abrams' law [281], which is used to predict the strength of cement mortars. 

The shear strength or confined compressive strength of CSRE (CSRE) is obtained through the 

variation of mHB according to the initial cement content. By fitting the experimental results from 

Lepakshi & Venkatarama Reddy [52] (Figure 2.7), it has the form: 

 = 9.9 + 53.4  (43) 
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Figure 2.7. Comparisons of the experimental and predicted values for the shear strengths of 

CSRE under dry and wet conditions [52]  

The power function is usually used for concrete [142] and soil [141] to estimate the elastic 

modulus based on the material UCS. Since the CSRE is a mixture of cement and soil, then the 

following power function is applied to describe the elastic modulus: 

 =  (44) 

where e1 (-) and e2 (-) are fitting parameters for the elastic modulus (elastic modulus at failure 

point) and these values are respectively taken as 94.85 and 1.44 according to the experimental 

results [28,31,38,46,54,57,64,83,88–90,145,265] that are presented in Figure 2.8.  
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Figure 2.8. Elastic modulus according to the unconfined compressive strength of CSRE with 

cement [28,38,46,54,57,145,265] and without cement [31,64,83,88–90,265] 
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Figure 2.9. Poisson's ratio according to saturation [65] 

The characteristic curve of Poisson's ratio [287] is related to the saturation according to the 

three types of rammed earth from the literature [65], and the results are presented in Figure 2.9 

with a linear equation for simplicity: 

 = 0.15 + 0.27  (45) 

 

2.5 Boundary consitions  

Once CSRE (URE) sample is produced in laboratory condition, the water and heat stored in the 

material will continually exchange with the environment through the air-exposed surfaces of 

the materials, which consequently leads to the change of their mechanical behaviors. Moreover, 

when CSRE (URE) is manufactured under in-situ condition, apart from the interactions with 

the environment air, the heat and water exchanges also exist between CSRE (URE) structure 

and underground soil. These interactions are reproduced in the numerical model by applying 

different boundary conditions. In this section, the boundary conditions triggered by the 

geological and environmental interactions with CSRE (URE) structure (or sample) are 

introduced. For the sample that are produced under laboratory conditions, the effects of 

radiation heat, wind effect and underground soil effect are not considered, unless the experiment 

is designed to address these influences, in which case their effects will be specifically described 

in the following parts. 

 

2.5.1 Water exchange between CSRE (URE) and environment 

The water is transferred via evaporation and condensation on the surface of the CSRE (URE) 

material: 

 = = ( ) (46) 

Where mtot (kg·m-3·s-1) is the total water source on the boundary, mec (kg·m-3·s-1) is the 

evaporation water source and condensation water source, hm (m·s-1) is the moisture transfer 

coefficient, RHe and RHi are the external and internal relative humidity on the surface, 

respectively. 

Since the surrounding wind velocity significantly affects the strength of cementitious materials 

[288], the wind's impact is also addressed. The moisture transfer coefficient is influenced by 
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the wind speed vwind (m·s-1). When wind speed is zero (general in laboratory conditions), its 

value is obtained based on the results from Tong et al. [289]. When the wind speed exists, a 

higher moisture transfer coefficient is used, and its value is calculated according to the pure 

water in porous materials without considering the effect of cracks in the evaporation process 

[290]: 

 =
, = 0

, > 0
 (47) 

where Cwi0 (s2·m-2·K-1) is a constant dependent on the material, the diffusivity of water vapor 

is Dv (m2·s-1) , Sh (-) is the Sherwood number, L (m) is constant equals to 0.3m [291]. 

In addition, the wind affects principally the hydro-thermal properties of the CSRE (URE) 

structures through evaporation, and consequently its mechanical behavior. The wind speed 

changes with different height levels and the wind speed on the external surface of the wall and 

it can be calculated through Hellmann exponential law[292–295]: 

 =  (48) 

vwind0 (m·s-1) is the speed to the height H0 (m), which is frequently referred to as a 10m, H (m) 

H (-) is the Hellman exponent taken as 0.4 for the buildings in city 

residential areas. vwind0 is obtained from the average value of the wind speed at 10m height.  

The diffusivity of water vapor is obtained through [296]: 

 = 80.58+0.4( 273.15) 10  (49) 

The Sherwood number used for evaporation is obtained according to [297]: 

 = 0.145 . . = 0.145
. .

 (50) 

where Re (-) is the Reynolds number depending on the surrounding air, Sc (-) is the Sherwood 

number, v (Pa·s) represents the water vapor dynamic viscosity. 

Under laboratory condition, the surrounding relative humidity of the sample is obtained through 

the relative humidity in the indoor condition. For the in-situ case, the long-term outdoor 

environment relative humidity (RHext) is calibrated with the sinusoidal functions [298,299]. 

Due to the human activities, the indoor environment relative humidity values usually range 

between 0.2-0.8 [166,300]. The indoor relative humidity of the wall (RHint) is correlated to the 

outdoor relative humidity of the wall (RHext) [301]: 

 

 = + sin  (51) 
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 = 0.45 + 0.17 (52) 

where RHav (-) is the average relative humidity, RHam (-) and tRH (day) are respectively the 

amplitude and phase of relative humidity depending on local metrological conditions, tref (day) 

is the reference period time, RHint (-) is the indoor environment relative humidity. 

 

2.5.2 Water exchange between underground soil and environment 

The water exchange between underground soil and the environment is dominated through, for 

example, raining precipitations, vegetations, rivers and lakes, water evaporations and 

condensations, etc. In lieu of numerically evaluating all these complex aspects simultaneously, 

the suction on the underground soil is obtained directly according to the in-situ hydrogeological 

conditions, and its value is given by applying Dirichlet boundary conditions to the ground 

surface.  

 

2.5.3 Heat exchange between CSRE (URE) wall and environment 

For the CSRE (URE) materials that are exposed under indoor environment, the convective heat 

Qcv (W·m-2) and evaporation (condensation) heat Qec (W·m-2) are considered. For the CSRE 

(URE) structures that are exposed under outdoor condition, the convective heat Qcv (W·m-2), 

evaporation (condensation) heat Qec (W·m-2) and radiant heat Qr (W·m-2) together comprise the 

heat transported through the outdoor surface of the wall: 

 = + + = ( ) +  (53) 

where Qtot (W·m-2) is the total heat source on the boundary. 

The latent heat of evaporation is calculated by [162]: 

 = 2500 2.4( 273.15) × 10  (54) 

The radiation heat on the material surface is the sum of solar shortwave, solar longwave, and 

ground longwave radiation: 

 = (1 ) + +  (55) 

where Qcv (W·m-2) is the convective heat caused by the temperature gradient on the surface, 

Qec (W·m-2) is the heat source of water evaporation and condensation,  Qr (W·m-2) is the heat 

source of radiation, heff (W·m-2·K-1) is the effective heat transfer coefficient, Lv (J·kg-1) is the 

evaporation latent heat [162], Te (K) and Ti (K) are respectively the temperatures on the external 

and internal part of a surface, Rs (W·m-2) is the global shortwave radiation in the local condition, 
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alb (-) is albedo, RLg (W·m-2) is the incoming ground longwave radiation, RLa (W·m-2) is the 

incoming environmental longwave radiation, e (-) is the emissivity, B (W·m-2·K-4) is the 

Stefan-Boltzmann constant. The solar-caused radiation parameters Rs (W·m-2), RLa (W·m-2) and 

RLg (W·m-2) can be determined based on the local weather conditions. 

The sinusoidal equation is used to describe the periodic variation of global shortwave radiation 

caused by the Earth Rotation. In addition, since CSRE (URE) structures are usually erected in 

vertical direction, thus, the average outdoor local shortwave radiation is obtained by fixing the 

azimuth angles equal to 180 degrees (South facing) and tilt angle 90 degrees (vertical wall) 

through the following equation: 

 = 116 + 28sin
106

 (56) 

The environmental longwave radiation is obtained through [302–304]: 

= (5.61 ( +273.15) (1 ) + (5.61 ( +273.15) +69.3 ) ) +

0.09(1 (0.9203+0.0043 ) ) ( +273.15)  (57) 

in which Cc (-) is the cloud cover factor taken as 0.41, K1 (-) and K3 (-) are the parameters 

dependent on the inclination angle of the wall taken respectively as 0.5 and 0.3457 for a vertical 

wall. 

The ground longwave radiation RLg incident upon the building surface is calculated through 

[302]: 

 = (159.5+2.77 )sin ( 2) (58) 

inc is the wall inclination angle equals to /2. 

Shortwave radiation is affected by the albedo value of the wall, which is a function of its Meter 

Munsell color value [305]: 

 = 0.069 0.114 (59) 

where ccv (-) is the Meter Munsell color value of the material. 

The effective heat transfer coefficient is influenced by the speed of the wind and whose value 

is obtained through [306]: 

 = 0.0203 + 1.766 + 12.263 (60) 

The long-term outdoor environment temperature (Text) is calibrated with the sinusoidal 

functions [298,299]: 

 = + sin  (61) 

where Tav (K) is the average temperature, Tam (K) and tT (day) are respectively the amplitude 

and phase of temperature depending on local metrological conditions.  
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Due to the human activities, the indoor environment temperature values usually range 

respectively between 18- [166,300]. The internal temperature (Tint) is correlated with the 

external temperature (Text) through[301]: 

 =
18.9 + 0.04( 273.155), < 285.85

14.201 + 0.41( 273.155), > 285.85
 (62) 

where Tint (K) is the indoor environment temperature. 

 

2.5.4 Heat exchange between underground soil and environment 

Applying Dirichlet boundary conditions to the underground soil surface yields the near-ground 

temperature, and the temperature imposed as boundary conditions is collected directly from in-

situ observations. 

 

2.6 Conclusion 

Based on a systematic review of the literature, it has been discovered that the characteristics of 

CSRE (URE) materials vary significantly across experimental studies, making their application 

under in-situ conditions more challenging. The lack of a worldwide perspective on all types of 

CSRE (URE) materials hinders the creation of a globally accepted standard for CSRE (URE) 

materials. Consequently, to globally estimate the long-term CTHM behavior of different CSRE 

(URE) materials, the characteristics of CSRE (URE) needed to be predicted from the designing 

stage. 

Therefore, in this chapter, a novel finite element framework applicable to both URE and CSRE 

materials by considering the combined effects of initial water content, initial dry density, initial 

grain size distribution, initial cement content, curing conditions, and curing duration is proposed 

to explain the linked CTHM behaviors of these materials from long-term point of view. The 

numerical method mainly consists of four parts, namely, the cement hydration, unsaturated 

water flow, heat transfer and mechanical responses. By applying appropriate boundary 

conditions, the proposed method should be able to estimate the time-dependent CTHM 

properties of CSRE (URE) under the laboratory and in-situ conditions. After that, the proposed 

method is used to predicted some characteristics of CSRE (URE) reported in the literatures, and 

the predictions are compared with the experimental results in the following chapter. 
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Chapter 3.  Validations of the numerical method 

Since it is complicated to have the experimental results to cover all the coupled CTHM 

properties of CSRE (URE) simultaneously, several CTHM configurations are investigated to 

evaluate the capacity of the proposed theoretical framework. 

3.1 Validations for URE materials 

To evaluate the numerical approach, the water flow reported by [31,88] are simulated. The 

specimen properties are summarized in Table 3.1. The specimens used for simulation are all 

saturated at the beginning, and then different suction and temperature values according to 

experimental conditions are applied on the surfaces of the specimens as the boundary condition. 

The initial time point of the simulation starts once the saturation/water content decreases to the 

initial value of the experimental conditions. Figure 3.1a and 3.1b present the variation of 

gravimetric water content and degree of saturation in URE specimens by time compared to the 

experimental results.  
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(b) 

 Figure 3.1. Comparison between the experimental results [31,88] and the numerical 

simulations for (a) gravimetric water content [31] and (b) saturation [88]. 

Compression tests 
  

Author 
sample size(mm) 

s(MPa) cfi(-) 
confining 

pressure(MPa) 
T(°C) d(kg·m-3) 

diameter height 

Chauhan et al. 
(2019) [31] 

50 100 
3.8, 23.4, 39, 
75.9, 153.4, 
205.3, 331.3  

0.61 0 20 1860 

Gerard et al. 
(2015) [88] 

36 72 
2.4, 4.12, 11.23, 

22.01, 38.95, 
124.07 

0.826 0 20 2000 

Xu et al. (2018) 
[90]-M3 

35 70 4, 39, 201 
0.42, 0.65, 

0.89 
0.1 20 1950 

Table 3.1. Initial parameters of the experimental results reported by [23,58,60] 

 

To give more credit to our prediction for the hydro-thermal properties, the experimental results 

from Jiang et al. [162] are also simulated. The specimen was built with the height, length and 

width of 0.24m, 0.12m and 0.18m. Then, the temperature/relative humidity with the respective 

values of 29°C/0.87 on the external surface and 18°C/0.70 on the internal surface were applied 

to the cube URE specimen. The initial inside temperature and relative humidity were 

respectively 25°C and 0.7. All the parameters obtained directly from the experimental results 
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and then used for the verification are summarized in Table 3.2. The comparisons between the 

simulations and the experimental results are presented in Figure 3.2. 
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Figure 3.2.  Comparison between the experimental results [162] and the numerical 

simulations for (a) temperature and (b) relative humidity. 

External 
T(C) 

External 
RH(-) 

Internal 
T(C) 

Internal 
RH(-) 

Initial inside 
T(C) 

Initial inside 
RH(-) 

External heff 

(W·m-2·K-1) 

29 0.87 18 0.7 25 0.7 23.26 

VG(m-1) m(-) n(-) s(-) r(-) d(kg·m-3) 
Internal heff 
(W·m-2·K-1) 

0.0125 0.29 1.4 0.16923 0.0045  2160 8.72 

Table 3.2. Parameters used for the the experimental results from Jiang et al. [162] 

 

The compression or tensile tests reported by Chauhan et al. [31], Xu et al. [90], Bui et al. [87] 

and Gerard et al.[88] are also simulated in this part. The initial parameters used in the numerical 

simulation are presented in Table 3.3. The compression tests are respectively performed with 

no confining pressure for the UCS tests and with different confining pressures for the 

unconsolidated undrained (UU) tests. To respect the experimental conditions, a constant 

vertical displacement of 0.01 mm is applied per step. The gravity effect is neglected since it has 

little effect in our simulations. The movement of the bottom surface is vertically fixed. The side 

surface of URE samples moves freely without boundary restrictions for UCS tests. The 

confining pressure is applied horizontally along the perimeter of the cylinder for UU tests. 

Figure 3.3a and 3.3b compare the simulation results of the compression and tensile strengths 

with the experimental results for different URE materials. Figure 3.4 shows the simulation 

results of axial stress with axial strain at different suctions based on Hoek-Brown criterion for 

two materials respectively studied by Gerard et al. [88] and by Xu et al. [90]. Globally, the 

simulation results show that Hoek-Brown criteria can be used to estimate the strengths of URE 

materials.  
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(b) 

Figure 3.3. Simulation results of (a) UCS values and (b) Tf values compared to their 

respective experimental results  
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(a) 

 

(b) 

Figure 3.4. Compression simulation results by applying HB compared to the experimental 

results reported by (a) Gerard et al. [88] and (b) Xu et al. [90] 
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diameter height 
confining 

pressure(MPa) 
Xu et al. (2018) 

[90]-M3 
35 70 4, 39, 201 

0.42, 0.65, 
0.89 

0, 0.1, 0.6 20 1950 

Chauhan et al. 
(2019) [31] 

50 100 
3.8, 23.4, 39, 
75.9, 153.4, 
205.3, 331.3  

0.61 0, 0.2, 1, 1.5 20 1860 

Bui et al.(2014) 
[87] 

160 300 

1.22, 2.05, 3.29, 
8.23, 25.56, 
55.04, 62.56, 

65.61  

0.35 0 20 1920 

Gerard et al. 
(2015) [88] 

36 72 
2.4, 4.12, 11.23, 

22.01, 38.95, 
124.07 

0.826 0 20 2000 

Tensile tests   

Gerard et al. 
(2015) [88] 

36 72 
2.4, 4.12, 11.23, 

22.01, 38.95, 
124.07 

0.826 0 20 2000 

Table 3.3. Initial parameters used for numerical simulation of different reported tensile or 

compression tests.  

 

 

3.2 Validations for CSRE materials 

To assess the capacity of the proposed numerical framework to simulate the cement hydration, 

the experimental cement hydration results from Schindler & Folliard [238] [307] have been 

investigated for the validation of the cement hydration process. In this phase, we focus only on 

the hydrothermal coupling and the mechanical part in the numerical framework is not 

considered. The sample is cured under a hydro-thermal insulated condition, then the heat and 

moisture transfer on the surface is neglected. The relative humidity is considered to be over 

95% [308]. The initial material temperature is 294.25 K, the initial water content, cement 

content and dry density are respectively 0.07, 0.18 and 2400 kg·m-3. Since the initial 

temperature is higher than 293.15 K, then the activation energy is 33500 J·mol-1, the constant 

time and shape parameters for the hydration process are 29 h and 0.69, respectively. The 

constant parameters used for simulation are summarized and presented in Table 3.4. And the 

simulation results are compared with the experimental tests, and the comparations are shown in 

Figure 3.5. 

 



CHAPTER 3.  VALIDATIONS OF THE NUMERICAL METHOD 

71 

 

 

Figure 3.5. Comparison of the experimental results reported by Schindler & Folliard [238] 

and our numerical predictions for the cement hydration 

Ti,e (K) wini (-) cini (-) dini (kg·m-3) Ea (J·mol-1) h (h) h (-) Hcem (J·g-1) 

294.25 0.07 0.18 2400 33500 23 0.69 477 

Table 3.4. Constant parameters used for the simulation of the cement hydration reported by 

Schindler & Folliard [238]. 

 

The rising temperature accelerates the hydration process of CSRE. Consequently, a higher 

curing temperature leads to a higher strength [124]. Therefore, the effects of temperature on the 

cement hydration process are simulated based on the experimental results from Poole et al. 

[309]. The components of the cement used for hydration are summarized and presented in Table 

3.5. The specimens are prepared with five different initial temperatures (K): 278.15, 288.15, 

296.15, 311.15, and 333.15. After that, the specimens are cured in the same temperature 

condition as preparation for around 85 h. The constant parameters used for numerical simulation 

are summarized in Table 6, and the comparisons of the experiments and simulations are 

illustrated in Figure 3.6. 
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Figure 3.6. Comparison of the experimental results by Poole et al. [309] and our numerical 

predictions for the effect of temperature on cement hydration 

C3S (-) C2S (-) C3A (-) C4AF (-) SO3 (-) MgO (-) FreeCaO (-) heff (W·m-2·K-1) 

0.6315 0.1096 0.0734 0.07 0.032 0.0109 0 3 

Ti,e (K) wini (-) max (-) cini (-) dini (kg·m-3) h (h) h (-) 

278.15, 288.15, 296.15, 

311.15, 333.15
0.066 0.716 0.15 2400 23 0.69 

Table 3.5. Constant parameters used for the simulation of the temperature effect on cement 

hydration for the results reported by Poole et al. [309]. 

 

In the process of the cement hydration in CSRE, the free water will be transformed into 

evaporable water (oven-dried at 105 °C) in the form of chemically reacted water and 

chemisorbed (physically adsorbed) water [243]. The decrements of free water increase the 

suction and the mechanical resistance ability. In addition, the generated hydration products 

increase the current dry density and the cohesion (binder effects) of the material, which further 

increases the material strength. During the construction of CSRE structures, the material may 

not be compacted at the optimum conditions. Thus, the initial dry density and initial water 
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content will be above, below, and at the optimum state for a given CSRE material. Beckett & 

Ciancio [80] investigated the water consumption and strength increment mechanism of CSRE 

which are not all compacted with the optimum water content, by using the freeze-drying 

technique. All the CSRE specimens are prepared with the same initial cement content of 5%. 

These specimens access different initial dry densities 1807, 1827, 1811 kg·m-3 and different 

initial water contents of 10.4%, 12.4%, and 14.4%. After compaction, the specimens were 

wrapped and cured under the conditions with a temperature of 294.15 K for around 29 days. 

The average composition content of the ordinary Portland cement [310–312] is used for 

numerical simulations. All the constant parameters used for simulation are presented in Table 

3.6, and the related comparisons are illustrated in Figure 3.7. 

 

 

(a) 
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(b) 

Figure 3.7. The numerical predictions of the (a) compressive strength and (b) water content of 

CSRE for the results reported by Beckett & Ciancio [80] 

C3S (-) C2S (-) C3A (-) C4AF (-) SO3 (-) MgO (-) 
FreeCaO

(-) 

vwind 

(m·s-1) 

u2 

(MPa) 
cfi (-) 

0.56232 0.15717 0.095283 0.085917 0.03 0.013 0.003 0 52.6 0.013 

Ti,e (K) cini (-) wini (-) 
dini  

(kg·m-3) 

c

(kg·m-3) 

Cs  

(J·kg-

1·K-1) 

h (h) h (-) u3 (-)  

294.15 0.05 
0.104, 

0.124, 0.144 

1807, 1827, 

1811 
3150 1081 23 0.69 2.17  

Table 3.6. Constant values that are used for the simulation of the CTHM behavior for the 

results reported by Beckett & Ciancio [80] 

 

As described in the introduction, both the initial water content and initial cement content 

influence the strength of CSRE material. The specimens [111] compacted with the initial 

cement content of 5%, 10%, 15%, initial water content 8.7%, 7.9%, 8.1%, and average initial 
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dry density (kg·m-3) 2040, 2034, 2036 are used for simulations. After compaction, the 

specimens were cured under conditions with a relative humidity of 94% humidity and 

temperature of 294.15 K for 28 days to ensure suction equilibration. The comparisons between 

the experimental and simulation results for the UCS at 28 days are presented in Figure 3.8, and 

the constant parameters used for simulation are summarized in Table 3.7. 

 

Figure 3.8. Comparison of the experimental results reported by Beckett et al. [111] and our 

numerical predictions for compressive strength at the different initial water content 

C3S (-) C2S (-) C3A (-) C4AF (-) SO3 (-) MgO (-) 
FreeCaO 

(-) 

vwind 

(m·s-1) 

u2 

(MPa) 

u3 (-

) 

0.56232 0.15717 0.095283 0.085917 0.03 0.013 0.003 0 13 1.25 

Ti,e (K) cini (-) wini (-) dini (kg·m-3) c (kg·m-3) 
Cs (J·kg-

1·K-1) 
h (h) h (-) 

RH (-

) 

cfi 

(-) 

294.15 
0.15, 

0.05, 0.1 

0.087, 

0.079, 0.081 

2040, 2034, 

2036 
3150 1081 23 0.69 0.94 0.21 

Table 3.7. Constant parameters used for the simulation of the 28 days UCS for the results 

reported by Beckett et al. [111] 
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3.3 Conclusion 

The purpose of this chapter is to evaluate a number of previously published experimental data 

for URE and CSRE materials to validate the theoretical framework that was established in the 

previous chapter. The investigated experimental results including the drying process, heat and 

relative humidity transfer, compressive strength, tensile strength, stress-strain relation, cement 

hydration process, effects of water-cement ratio, etc. are compared with the numerical 

predictions. The comparations show a good capacity of the proposed model to explain the time-

dependent CTHM properties of CSRE (URE) materials in the laboratory conditions. After that, 

the suggested numerical framework is utilized and expanded to estimate the characteristics of 

typical CSRE (URE) walls under in-situ conditions, and the associate numerical simulations 

are introduced in the following chapter. 
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Chapter 4.  Applications and case studies 

4.1 Case study for URE structures 

Once constructed on the ground, URE structures interact continually with the environment and 

the ground. Since URE structures are often constructed by directly embedding the material 

surface in the environment, environmental effects are constantly present. However, the impacts 

of the ground on URE might vary from site to site due to the fact that the bottom of a URE 

structure can be built with or without a basement. Section 4.1.1 depicts the impacts of various 

local environments on the THM behavior of URE walls, excluding the effects of underground 

soil due to the reason of  basement. Section 4.1.2 illustrates the environmental and underground 

soil impacts on the THM properties of URE walls constructed without a basement. 

4.1.1 Thermo-hydro-mechanical (THM) behavior of unstabilized rammed 

earth (URE) wall submitted to environmental and mechanical loadings  

The behavior of URE materials is greatly influenced by the variation of suction, relative 

humidity, temperature and stress state. The hydro-thermal properties and soil types have a 

considerable impact on the stability of earth structures [313]. Climate changes significantly 

affect the properties of earth structures [314–317]. Generally, URE materials are prepared at 

their OWCs, but the water contents in the material may change with time in its structural life 

due to environmental loadings. In this section, the effects of environment air and raw soil type 

(for URE construction) on themo-hydro-mechanical behaviors of typical two stories residential 

buildings constructed with the basements are investigated through numerical simulation. The 

effects of the underground soil on the walls are not considered in this case study. And the URE 

walls built with a height of 3 m, a thickness of 0.3 m and a width of 4 m at the first stoery of 

the buildings are investigated in the numerical simulations of this section (Figure 4.1). 
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Figure 4.1. Schematic diagram of a fresh URE wall in interaction with indoor/outdoor 

environment 

4.1.1.1 The studied walls and the geoclimatic conditions 

The Free Tetrahedral is used for the mesh and the generated meshes are denser on the wall 

surfaces where the material properties are more sensitive to the climate conditions. A boundary 

layer mesh with four layers was deployed due to the steep temperature and suction gradients. 

In total, 22003 elements with the number of degrees of freedom 172090 were generated for this 

numerical simulation model. The geometry and its mesh are shown in Figure 4.2. 
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Figure 4.2. Meshed geometry of the studied URE wall and its mechanical loadings  

The URE walls are supposed to be built in France where the meteorological conditions can be 

divided into six climate regions (Figure 4.3) [318]. The central region in France is mainly 

dominated by a modified oceanic climate. The east and the west of France are respectively 

characterized by oceanic and semi-continental climate types. The southwest is dominated by 

the Aquitaine oceanic climate. However, the weather of the central south and southwest of 

France is characterized by a mountainous climate. Finally, the south coast of France is generally 

dominated by a Mediterranean climate. Variations of relative humidity and temperature in 40 

years (1979-2019) are investigated in the above six regions. Finally, two more representative 

climate regions (Regions 2 and 3) are selected to recreate the natural climate conditions for the 

reason that the climate variations in the other four regions are more moderate. 
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Figure 4.3. Climate types of the studied regions (Region 2, 3) 

Moreover, the walls are assumed to be compacted with the same dry density 2000 kg·m-3. Since 

the soil particles can be different due to the variations of the geological and geotechnical layer 

as well as the depth of excavation, therefore, two fine contents of 0.3 and 0.7 are used to 

illustrate these changes.  

The indoor relative humidity (RHint) and temperature (Tint) are respectively fixed 0.5 and 20°C 

[301]. The initial relative humidity (RHini) inside URE wall is also assumed constant, equal to 

0.99. The initial inside temperature (Tini) is equal to the average external temperature.  

floor. Thus, constant vertical stress of 61.7 kPa is applied to the wall corresponding to live and 

dead loads of the residential building. The movement at the bottom of the wall in all directions 

is fixed while the other displacements are free. In addition, the elastic modulus and the thermal 

conductivity of the wall are obtained through [158].  

The related boundary conditions for this case study are summarized in Table 4.1 and constant 

values used for the numerical simulations are summarized and presented in Table 4.2. 

 

Local conditions Values 
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Outdoor relative humidity Equation 51 

Outdoor temperature Equation 61 

Indoor relative humidity 0.5 

Indoor temperature 20°C  

Outdoor wind speed Equation 48 

Local Shortwave radiation Equation 56 

Local environmental longwave radiation Equation 57 

Ground longwave radiation Equation 58 

Ground surface temperature Thermal insulation 

Ground surface suction Water insulation 

Vertical load on the top of the wall 61.7 kPa 

Table 4.1. Boundary conditions for the numerical simulations 

 

Constant parameters used for numerical simulations 

Constant for different regions Common constant for region 2 and region 3 

parameter 
Region 2 

Region 

3 parameter value parameter value parameter value 

value value 

   C3S (-) 0 Tam (K) 7.01 
vwind0 

(m·s-1) 
4.27 

   C2S (-) 0 Thr (K) 293.15 H (-) 0.4 

RHav(-) 0.69448 0.80475 C3A (-) 0 u0 (MPa) 1 inc (-)  

RHam(-) 0.12878 0.09246 C4AF (-) 0 u1 (-) 0.829 e (-) 0.97 

tRH(day) 57.4 68.23 SO3 (-) 0 u2 (MPa) 13 wini (-) 0.081 

Tav(°C) 14.29 11.3 MgO (-) 0 u3 (-) 1.25 
dini 

(kg·m-3) 
2000 

Tam(°C) 8.92 7.01 
FreeCaO 

(-) 
0 u4 (-) 6 r (-) 0.0045 

tT(day) 120.76 120.58 alb (-) 0.25 tref (day) 182.5 nini (-) 0.23077 

tref(day) 182.5 CKC (m2) 3.81E-13 h (h) 23 B (-) 5.67E-08 

RHint(-) 0.5 
Cs (J·kg-

1·K-1) 
1105 h (-) 0.69 cini (-) 0 

Tint(°C) 20 

Cwi0 

(s2·m-2·K-

1) 

6.88E-15 L (m) 0.3 
c (kg·m-

3) 
3150 

wini (-) 0.081 e1 (-) 85.92 lVG (-) 0.5 cfi (-) 0.4 



CHAPTER 4.  APPLICATIONS AND CASE STUDIES 

 

82 

 

Tini(°C) 14.29 11.3 e2 (-) 1.766 

Ma 

(kg·mol-

1) 

29 pat (Pa) 101325 

vwind0(m·s-1) 3.91 4.27 g (m·s-2) 9.8 

Mw 

(kg·mol-

1) 

18 
s (kg·m-

3) 
2600 

d(kg·m-3) 2000 H0 (m) 10 nVG (-) 1.4 RHam (-) 0.09246 

cfi(-) 0.3, 0.7 K1 (-) 0.5 Tav (K) 284.45 RHav (-) 0.80475 

   Cc (-) 0.41 K3 (-) 0.3457 tRH (day) 65.73 

   tT (day) 120.58 -) 0.25 

heff 

(W·m-

2·K-1)  

10 

Table 4.2. Constant values used for the numerical simulations 

 

4.1.1.2 Simulation results 

The simulations are performed for a period of 5 years after the construction of the wall in both 

climate regions to obtain the variation of volumetric water content, suction and temperature 

inside the wall.  

Figure 4.3 shows the evaluation of average volumetric water content and suction inside URE 

wall built in regions 2 and 3 in France. It can be observed that both fine content and climate 

condition influence the drying process of the wall. All URE walls have almost the same initial 

suctions because of the same initial relative humidity (RHini) in the walls. Consequently, the 

initial volumetric water contents are different because of the different SWRCs of the studied 

URE materials. For the walls with lower fine content, a less amount of water is required to have 

the same suction values compared to a wall with a higher fine content. The results confirm that 

the material type plays an important role in the hydraulic properties of the URE wall. Moreover, 

the drying process mainly takes place in the first year after construction as the water 

content/suction decreases/increases to 70%/43% during the first year. After that, the suction 

and water content gradually reach an equilibrium stage after 5 years. In addition, with the same 

climate condition, the wall with a higher fine content has a higher suction. This is because that 

the wall with a higher fine content is made up of more small pores, which leads to a smaller 

effective radius between pores and consequently a higher suction based on Young–Laplace 

equation. On the other hand, the wall with a lower fine content has a lower suction value. This 

is caused by larger pore spaces between pores. For the same fine content, the wall in region 2 

has higher suction values than that in region 3 due to a dryer climate condition.  
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Figure 4.4. Variation of average volumetric water content and suction in URE walls in regions 

2 and 3 in France in 5 years 

Figure 4.5 presents the variations of the average temperature in the URE wall built in the two 

regions 2 and 3. From the long-term point of view, it can be observed that the average 

temperature inside the wall is not influenced obviously by the humidity and the fine content of 

the wall but varies seasonally due to the seasonal temperature changes on the external side of 

the wall in different climate regions. 
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(a) 

 

(b) 

Figure 4.5. Variation of average temperature in URE walls corresponding to internal and 

external wall temperature in regions 2 and 3 in France in 5 years 
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At the end of different times after construction, the horizontal loads are applied in the direction 

presented with red arrows in Figure 4.2 to obtain the ultimate strength of URE walls. The 

horizontal wind loads are neglected due to the low average wind speed on the wall (around 

0.3m·s-1). The horizontal loads increase gradually with an incremental surface load until the 

failure occurred. Therefore, an increasing rate of 10 kN·s-1 is applied on the top surface of the 

wall.  

The wall in region 2 with the fine content 0.7 is selected to show the typical failure mode of the 

wall after five years of equilibrium. Figure 4.6a shows the stress distribution in two front and 

back sides of the wall. The stress is higher near the bottom side of the wall due to the imposed 

horizontal movements on the top of the wall. In addition, the highest compressive and tensile 

stresses occur respectively on the front and back side of the wall. Since the compressive strength 

of URE materials is largely higher than their tensile strength (usually ten times), the tensile 

damage occurs on the bottom back side of the wall (and not on the front side under compression). 

Figure 4.6b shows also the evolution of plastic strain in front and back sides of the wall. The 

damage mode can be observed in back side plane of Figure 4.6b as the plastic strains occurred 

in the areas where the tensile stresses are concentrated.  

 

 

(a) 
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(b) 

Figure 4.6. The typical failure mode of the wall a) stresses and b) plastic strains in front and 

back sides of the wall 

When the failure occurred, the corresponding loads applied on the top surface of the wall are 

recorded as the horizontal strength of the wall. The simulation results in Figure 4.7 shows that 

the horizontal strength of URE wall increases ~43% for the wall with the fine content of 0.3 

and  ~75% for the wall with the fine content of 0.7 in both regions. After five years, the 

horizontal strength stabilizes with time. The final stabilized values after five years increase 

around two times in both regions when the fine content of the local soil increases from 0.3 to 

0.7 (from ~11 to ~23 kN). The figure shows also that the wall with the higher fine content shows 

more sensitivity to climate variations. This is because of a more variation of the effective radius 

in the small pore spaces leading to a higher variation of suction and consequently horizontal 

strength. Moreover, the walls have relatively higher strength in summer (for example after 550 

days) than in winter (for example after 730 days). When the fine content is the same, the wall 

in region 2 has a slightly higher horizontal strength than that built in region 3 due to its dryer 

climate condition. However, this increase is less significant compared to the effect of time and 

fine content. 
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Figure 4.7. Ultimate shear strengths of URE walls with the horizontal load in regions 2 and 3 

Globally, the results show that the strength of URE wall in the above two regions in France is 

highly dependent on the geological conditions and less sensitive to climate changes. The wall 

strength can be improved by maintaining its dry state and making the source soils contain more 

smaller particles. 

 

4.1.2 Effect of rising damp in URE walls 

Once URE structures are constructed, especially without the protection of the basement, rising 

damp and water evaporation will significantly influences their properties [319]. The rising 

water occurs because of bad indoor conditions, poor thermal insulation, and materials 

deterioration [320]. This reduces highly the mechanical properties of URE walls. In contrast, 

the water loss caused by water evaporation prevents this reduction and improves masonry 

structure properties [321]. The rising damp occurs when groundwater flows into the base of 

construction driven by the capillary force. The water rises from the ground then transports into 

earth materials, and the water on the surface is then subjected to evaporation in the form of 

water vapor. The process of water flow and evaporation coexist until an equilibrium stage is 

reached. The equilibrium condition can be disturbed at any time due to a time-dependent 
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atmosphere variation. Eventually, the water kept inside causes a wet condition of the materials. 

Since URE is produced with earth where its characteristics are sensitive to water [322], the 

rising damp and climate variations have important implications on URE materials.  

In summary, the rising damp and time-dependent climate changes have significant influences 

on the thermal-hydro-mechanical characteristics of URE materials, and these properties are of 

vital importance for the practical utilization of this material. This section aims to study the effect 

of the rising damp in an in-situ environmental condition on the long-term THM assessment of 

a typical newly constructed URE wall after a long period at its equilibrium stage, and the 

proposed numerical approach is used to simulate the rising damp with time in a URE wall built 

in Brittany region (situated in west of France) by considering rising damp, indoor/outdoor 

temperature, indoor/outdoor relative humidity, wind speed, shortwave and longwave radiation 

and mechanical solicitations (Figure 4.8). 

 

 

Figure 4.8. Schematic diagram of a fresh URE wall in interaction with indoor/outdoor 

environment and ground 

4.1.2.1 The studied walls and the geoclimatic conditions 

The same building as introduced in section 4.1.1 but without basement is used for numerical 

simulation. The URE wall at the first stoery with a height of 3 m, a thickness of 0.3 m and a 
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width of 4 m is studied. The wall is supposed to be constructed vertically in layers of 10 cm. 

The wall faces to the South orientation and the annual energy availability is taken into 

consideration [323]. The fine content of the URE material is taken 0.4 corresponding to the 

dominant geology of the Brittany region in France. The dry density attributed to this soil is 2000 

kg·m-3 in each layer. The free triangular method is used for the mesh and 58353 elements are 

generated for this numerical simulation model. The geometry and its mesh are shown in Figure 

4.9. 

 

Figure 4.9. Geometry and mechanical boundary conditions of the studied URE wall 

The studied walls correspond to a typical residential 

floor. Thus, constant vertical stress of 61.7 kPa is applied to the wall corresponding to live and 

dead loads of the residential building. The movement at the bottom of the wall in all directions 

is fixed while the other displacements are free. The rising damp in masonry walls has been 

usually studied in the laboratory with the bottom surface of the wall soaked under saturated 

conditions [324,325], while in reality, the water on the ground may penetrate downside into soil 

leading to an unsaturated condition. Therefore, the total suction on the bottom of the wall is 

given by an average near-ground suction value of 1 MPa [259,298] for the case with the rising 

damp. For the condition without rising damp, the bottom surface is assumed to be insulated 
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with no water flow. Moreover, the temperature on the bottom is assumed to be equal to the soil 

surface temperature which is the outdoor temperature. The initial relative humidity (RHini) 

inside the wall is considered constant, equal to 0.99 (around the optimum water content). The 

initial inside temperature (Tini) is equal to the average external temperature. The boundary 

conditions are summarized in Table 4.3 and the constant parameters used for numerical 

simulations are summarized and presented in Table 4.4. 

 

Local conditions Values 

Outdoor relative humidity Equation 51 

Outdoor temperature Equation 61 

Indoor relative humidity Equation 52 

Indoor temperature Equation 62 

Outdoor wind speed Equation 48 

Local Shortwave radiation Equation 56 

Local environmental longwave radiation Equation 57 

Ground longwave radiation Equation 58 

Ground surface temperature Equation 61 

Ground surface suction Without damp: water insulation With damp: 1 MPa 

Vertical load on the top of the wall 61.7 kPa 

Table 4.3. Boundary conditions for the numerical simulations 

 

Constant parameters used for numerical simulations 

C3S (-) C2S (-) C3A (-) C4AF (-) SO3 (-) MgO (-) FreeCaO alb (-) 

0 0 0 0 0 0 0 0.25 

CKC (m2) Cs (J·kg- Cwi0 (s2·m- e1 (-) e2 (-) g (m·s-2) H0 (m) K1 (-) 

3.81E-13 1081 6.88E-15 85.92 1.766 9.8 10 0.5 

Tam (K) Thr (K) u0 (MPa) u1 (-) u2 (MPa) u3 (-) u4 (-) tref (day) 

7.01 293.15 1 0.829 13 1.25 6 182.5 

h (h) h (-) L (m) lVG (-) Ma Mw nVG (-) Tav (K) 

23 0.69 0.3 0.5 29 18 1.4 284.45 

vwind0 (m·s-1) H (-) inc (-) e (-) wini (-) dini (kg·m-
r (-) nini (-) 

4.27 0.4  0.97 0.081 2000 0.0045 0.23077 

B (-) cini (-) c (kg·m-3) cfi (-) pat (Pa) s (kg·m-3) RHam (-) RHav (-) 

5.67E-08 0 3150 0.4 101325 2600 0.09246 0.80475 

Cc (-) K3 (-) tRH (day) tT (day) -)    

0.41 0.3457 68.23 120.58 0.25    

Table 4.4. Constant values used for the numerical simulations 

 

4.1.2.2 Simulation results 
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In this section, we simulate the main THM characteristics of URE wall at different time steps 

and areas of the wall with and without the effect of damp rising. The simulations are performed 

for a period of 5 years after the construction of the walls to obtain the variations of suction, 

volumetric water content, temperature, thermal conductivity, elastic modulus and unconfined 

compressive stress with and without rising damp effects.  

The vertical line in the middle of the wall, the horizontal line at height 0.5m and the intersection 

point in the wall are selected as the probes to show respectively the effect of wall height, wall 

thickness and time on the THM properties of the wall (Figure 4.10). 

 

Figure 4.10. Selected point and lines for the presentation of the results 

Figure 4.11 shows the variations of suction and volumetric water content in the walls. It can be 

observed for the wall not affected by rising damp (Figure 4.11a) that the volumetric water 

content decreases 68.8% after five years of construction. However, this value is only 19.9% 

when the rising damp exists. It indicates that the rising damp prevents significantly the drying 

process of URE wall. For the wall not affected by rising damp, the hydraulic condition changes 

mainly in the first year before reaching a stabilized equilibrium stage which varies periodically 

in the latter four years. While the rising damp accelerates this process and reaches the 

equilibrium stage within 100 days (less than one year). This is caused by more water movements 
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at the bottom side of the wall with the rising damp. Figure 4.11b presents the hydraulic 

variations in the vertical direction after 5 years of construction. The results show that the 

volumetric water content/suction decreases/increases with height due to the rising damp, 

evaporation and gravity. It shows that the volumetric water content remains almost constant 

without rising damp while the volumetric water content varies 3.5 times (and suction over 20 

times) with height with the rising damp. The results also show that the height of 1.5 m is a 

distinctive height non affected by the rising damp. At this height, the wall passes abruptly from 

dry state to wet state. Figure 4.11c shows that the hydraulic condition varies also with the wall 

thickness after 5 years of construction. The results show that the wall is dryer on its surface and 

wetter inside. However, the suction value remains almost the same at the height of 0.5 m with 

rising damp while it changes around 2 times more without rising damp.  
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(b) 

 

(c) 

Figure 4.11. Suction and volumetric water content value of the selected probes according to 

(a) time (b) wall height (c) wall thickness for the condition with and without rising damp. 

Figure 4.12 shows the variations of temperature and thermal conductivity in the walls. It can be 

observed in Figure 4.12a that the temperature reaches an equilibrium stage and changes 
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seasonally with the ambient temperature in the first days. Since the thermal conductivity is 

influenced by the hydraulic condition of the wall, the variation of thermal conductivity 

according to time has a similar variation of water content as presented in Figure 4.11a. This 

means also that the temperature has less influence on the thermal conductivity. It can be 

observed in Figure 4.12b that the thermal conductivity remains almost the same in the vertical 

direction without rising damp and increases 28% with height with the rising damp after 5 years 

of construction. It illustrates that the temperature in the vertical direction is dominated by the 

ground temperature of earth. The temperature is lower in the vertical direction with the rising 

damp indicating that the rising damp has a cooling effect on the wall. Figure 4.12c illustrates 

the variation of temperature and thermal conductivity with thickness at the height of 0.5 m after 

5 years of construction. It shows that the wall has a higher thermal conductivity inside the wall 

than on its surface. The temperature changes linearly with the wall thickness and it is mainly 

controlled by the temperature on the wall surface. 
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(b) 

 

(c) 

Figure 4.12. Temperature and thermal conductivity of the selected probes according to (a) 

time (b) wall height (c) wall thickness for the condition with and without rising damp. 
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Figure 4.13 shows the variations of elastic modulus and unconfined compressive strength (UCS) 

in the wall. Figure 4.13a shows that the elastic modulus and UCS vary seasonally with time. 

Moreover, the elastic modulus increases around 5 times in the first year without rising damp 

and then stabilizes around 270 MPa for the latter four years. With the rising damp, the elastic 

modulus stabilizes around 80 MPa within 100 days. The UCS values in the wall are stabilized 

around 1 MPa and 1.9 MPa respectively with and without rising damp. After 5 years of 

construction, the elastic modulus and UCS increase with height (Figure 4.13b). Figure 4.13c 

shows that the wall at the height of 0.5m has lower values of elastic modulus and UCS inside 

the wall than on its surface after 5 years of construction. It means that the evaporation process 

increases the mechanical characteristics of URE wall, while the rising damp and gravity has an 

opposite effect. 
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Figure 4.13. Elastic modulus and unconfined compressive strength (UCS) of the selected 

probes according to (a) time (b) wall height (c) wall thickness for the condition with and 

without rising damp. 

The variation of the ultimate horizontal capacity applied on the top surface of the wall with the 

horizontal deformation is presented in Figure 4.14. It can be observed that time has a positive 

effect on the mechanical capacity of the wall where the horizontal deformation/the horizontal 

bearing capacity decreases/increases with time. In addition, the wall (after 7 days of 

construction) has a similar ultimate mechanical behavior with and without rising damp because 

of the same humid condition of the wall. However, the wall with rising damp has slightly lower 

values of ultimate bearing capacity and elastic modulus compared to those without rising damp. 

Moreover, the water flows out through the lateral surface of the wall with time, which leads to 

an increase of the mechanical capacity of the wall in the long term. It can be observed that the 

horizontal bearing capacity increases 47% from 76.8 to 112.6 kN without rising damp (Table 

4.5). However, the presence of rising damp prevents this strength improvement. It can be 

observed that after long-term equilibrium, the wall affected by rising damp remains almost at 

the same strength level of 75 kN with only 10% of improvement (Table 4.5). This is caused by 

the similar effect of rising damp in the wall with the creation of a soft region at its bottom 

(Figure 4.11 b).  

It should be pointed out that the results in Figure 4.14 are based on the numerical model in this 

paper, while in reality, once the wall reaches its ultimate strength point, the load would rapidly 

drop upon horizontal failure [326,327]. 



CHAPTER 4.  APPLICATIONS AND CASE STUDIES 

 

99 

 

 

Figure 4.14. Force-displacement diagrams for URE walls 

To cover the evolution of all THM properties, Table 4.5 summarizes also the variation of the 

average thermal insulation resistance (RSI) and the average hydraulic conductivity of the wall 

with and without rising damp. It shows that the RSI value increases 17% and 22% respectively 

with and without rising damp after five years. The material becomes almost impermeable after 

5 years without damp (~100% of decrease). This decrease of hydraulic permeability is limited 

to 67% with rising damp.  

  
With damp 

(7 days) 
Without damp 

(7 days) 
With damp 
(1825 days) 

Without damp 
(1825 days) 

Thermal insulation resistance (K·m2·W-1) 0.23 0.232 0.269 0.285 

Hydraulic conductivity (m·s-1) 4.26E-11 2.87E-11 1.41E-11 6.79E-15 

Pushover strength (kN) 71.5 76.9 79.1 112.6 

Table 4.5. Average THM properties of a typical URE wall 

 

Although two factors of time and evaporation play a positive role on THM properties of URE 

walls because of the reduction of humidity, the rising damp reduces significantly these 

improvements. An appropriate drying period and a reducing rising damp technique are highly 

demanded for the construction of URE materials. 
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4.2 Case study for CSRE structures 

A typical CSRE wall freshly constructed under in-situ conditions is analyzed numerically to 

evaluate its CTHM qualities under environmental and underground soil solicitations. The 

behavior of the underground soil is analyzed and compared with in-situ data. Then, the CSRE 

wall is constructed on the aforementioned underground soil to demonstrate its long-term CTHM 

behaviors. 

4.2.1 CTHM behavior of CSRE wall in interaction with environment and 

underground soil 

A schematic diagram showing the interactions of a fresh CSRE wall, indoor/outdoor 

environment and underground soil is presented in Figure 4.15 to show the CSRE structure built 

under in-situ condition.  

 

Figure 4.15. Schematic diagram of a fresh CSRE wall (sample) in interaction with 

indoor/outdoor environment and underground soil 
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4.2.1.1 The studied wall and the geoclimatic conditions 

A two-storey CSRE building is assumed to be built on the underground soil as presented in 

Figure 4.16. For the reason that the CSRE is built on the underground soil and the CTHM 

properties of the wall are influenced by the interactions between the wall and soil, therefore, to 

understand the wall’s behaviors, the behaviors of the underground soil needed to be predicted 

correctly at first. 

 

 

Figure 4.16. The geometry of the studied field and the investigated CSRE wall 

To evaluate the capacity of the proposed numerical framework for predicting the hydro-thermal 

properties of the underground soil, the temperature and humidity of the underground soil 

located in the Alsace region (France) are measured for one year from September 18th, and the 

in-situ data are compared with the numerical simulation results [298]. During field 

measurements, the temperature and humidity probes are placed at a depth of 1.1 m and 1.11 m, 

respectively, in order to measure the variations in soil temperature and humidity over the course 

of one year. Two additional sets of temperature probes are planted at depths of 0.6 m and 1.25 

m to demonstrate the influence of depth on the temperature of underground soil. The earth with 

a depth of 20 m and a width of 40 m is employed for numerical simulations. In addition, the 

underground soil used for calculation consists of six layers, and the thicknesses contained in 

each layer from top to bottom are respectively 0.1 m, 1 m, 0.15 m, 4.75 m, 8 m, and 6 m, and 

the soil compositions are clay loam, sandy loam 1, loam, sandy loam 1, sandy loam 2, loam, 

respectively. The properties of the related underground soil components are summarized in 

Table 4.6.  
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  s (kg·m-3) d (kg·m-3) xs (-) s (-) r (-) VG (m-1) nVG (-) lVG (-) CKC (m2) 

Clay loam 2700 1350 0.35 0.50 0.03 1.99 1.22 0.5 1.56E-13 
Sandy loam 1 2620 1600 0.80 0.39 0.02 2.6 1.52 0.5 1.82E-12 

Loam 2680 1420 0.50 0.47 0.02 2.35 1.38 0.5 2.24E-13 
Sandy loam 2 2670 1600 0.60 0.40 0.02 2.48 1.5 0.5 1.48E-12 

Table 4.6. Underground soil properties 

 

The local temperature (K) and approximated suction (MPa) on the land surface is directly 

measured through in-situ tests, and the results are then applied as Dirichlet boundary conditions 

on the top surface of the first soil layer (Table 4.7). The underground soil has a water table with 

a depth of 7.63 m in this region. No water transportation exists on the base and side boundaries. 

Meanwhile, there is no heat transfer along the side borders, and the temperature beneath the 

earth rises with a gradient of 0.1 K·m-1 as soil depth increases to 20 m with a measured 

temperature of 287.15 K. After the aforementioned hydro-thermal circumstances achieve an 

equilibrium state, the simulated temperature and volumetric water content are compared to the 

observed values. The comparisons between the simulation outputs and the on-situ observations 

are provided in Figure 4.17. 

 

(a) 
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(b) 

Figure 4.17. (a) Variations in temperature and moisture content of underground soil 

throughout one year (b) depth and time impacts on the temperature of underground soil 

After that, the CSRE structure is then constructed on the same underground soil as described 

previously. The CSRE structure is scheduled to be completed on January 1st, utilizing local raw 

soil with a fine content of 25% in the Alsace area (France). The raw soil is subsequently 

stabilized by adding Portland cement with a mass percentage of 6%. The mixes are then 

compacted with the optimal water content of 8 percent and the maximum dry density of 2000 

kg·m-3 to provide the highest mechanical performance. It is considered that no chemical 

reaction occurs during the construction process. A CSRE wall erected in the first storey of the 

building with a size of 4*0.3*3.5 m3 (length*thickness*height) is selected for numerical 

simulations. Other portions of the CSRE wall are visible to the air, while its base of 0.5 m is 

hidden in the earth. The underground soil is deemed incompressible, and the part of the wall in 

contact with the underground soil is fixed in all directions. The initial temperature of the wall 

is considered to be the same as the surface temperature of the underground soil. The top surface 

of the CSRE wall is subjected to vertical stress of 61.7 kPa due to the combined dead and live 

loads of the second storey.  
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After compaction, the CSRE walls are placed and cured in the local environment for five years. 

The local outdoor relative humidity (RHext) and temperature (Text) over the last forty years 

(1979-2022) are investigated and described with the sinusoidal functions due to the earth's 

revolution. The indoor temperature and relative humidity are correlated with outdoor 

temperature and relative humidity [301]. The local shortwave radiation is obtained according 

to [260], and its value is influenced by the soil color [305] through the albedo value of the wall. 

The environmental longwave affected by the cloud and ground longwave radiation incident 

upon the wall is obtained according to [302–304].  

The initial temperature and humidity (suction) of the CSRE wall and the underground soil are 

presented in Figure 4.18. 

 

Figure 4.18. Initial hydro-thermal condition of the underground soil and CSRE wall  

Table 4.7 provides a summary of the equations that are utilized to simulate the local 

environmental conditions. Moreover, the constant parameters used for numerical simulations 

are also summarized and presented in Table 4.8. 

Local conditions Values 

Outdoor relative humidity Equation 51 
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Outdoor temperature Equation 61 

Indoor relative humidity Equation 52 

Indoor temperature Equation 62 

Outdoor wind speed Equation 48 

Local Shortwave radiation Equation 56 

Local environmental longwave radiation Equation 57 

Ground longwave radiation Equation 58 

Ground surface temperature = 284.65 + 10sin( ( +58.25)/182.5) 

Ground surface suction = 1.005 0.995sin( ( +58.25)/182.5) 

Vertical load on the top of the wall 61.7 kPa 

Table 4.7. Boundary conditions for the numerical simulations 

 

Constant parameters used for numerical simulations 

C3S (-) C2S (-) C3A (-) C4AF (-) SO3 (-) MgO (-) FreeCaO alb (-) 

0.56232 0.15717 0.095283 0.085917 0.03 0.013 0.003 0.25 

CKC (m2) Cs (J·kg- Cwi0 (s2·m- e1 (-) e2 (-) g (m·s-2) H0 (m) K1 (-) 

3.81E-13 1081 6.88E-15 94.85 1.44 9.8 10 0.5 

Tam (K) Thr (K) u0 (MPa) u1 (-) u2 (MPa) u3 (-) u4 (-) tref 

9.45 293.15 1 0.829 13 1.25 6 182.5 

h (h) h (-) L (m) lVG (-) Ma Mw nVG (-) Tav (K) 

23 0.69 0.3 0.5 29 18 1.4 282.6 

vwind0 (m·s-1) H (-) inc (-) e (-) wini (-) dini r (-) nini (-) 

3.71 0.4  0.97 0.081 2000 0.0045 0.23077 

B (-) cini (-) ccv (-) cfi (-) pat (Pa) s (kg·m-3) RHam (-) RHav (-) 

5.67E-08 0.06 3.5 0.25 101325 2600 0.12 0.80 

Cc (-) K3 (-) tRH (day) tT (day) c (kg·m-    

0.41 0.3457 60.12 115.54 3150    

Table 4.8. Constant values used for the numerical simulations 

 

4.2.1.2 Simulation results 

 

4.2.1.2.1 Average behavior of the wall 

The variation in the average degree of hydration, temperature, relative humidity, dry density, 

thermal conductivity, and compressive strength of the CSRE wall (above the earth) caused by 

the effect of the surrounding Geo-climatic conditions is simulated to gain a global perspective 

on the properties of the wall over the five years after construction. The relevant results are 

displayed on a logarithmic scale in Figure 4.19a to better illustrate the behaviors of the wall 
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throughout the course of the initial 30 days and the last four years. Figure 4.19b depicts, on a 

linear scale, the behavior of the wall throughout the first year. 

 

Figure 4.19. The average degree of hydration, temperature, relative humidity, dry density, 

thermal conductivity, and compressive strength of CSRE wall above the earth (a) in 1825 

days and (b) 365 days after construction 

After construction, the cement in the CSRE wall begins to react with water, and significant 

increases (from 0 to 0.8) in the degree of cement hydration are noticed within the first 30 days. 

After that, the degree of cement hydration rises annually, although the increment rate decreases. 

It can be observed that even after five years of curing, the cement is still not completely 

consumed by the chemical reaction. As a result of the heat released during the hydration 

process, the highest temperature of the first 30 days is attained around one day after 

construction. After that, the wall temperature reaches its highest value in the first year in 

summer and decreases to its lowest value in winter. For the reason that the rate of cement 

hydration decreases to a lower value than that of the beginning, the wall temperature after one 

day is not dominated by the hydration process anymore but instead declines to an equilibrium 

stage due to the sounding temperature, and then varies annually with time in the following days. 

After that, the humidity of the wall in the following five years after construction is also studied. 

During the manufacturing process, the CSRE structures are often compacted to their optimal 

conditions, which results in an initial state that is more humid than the surrounding air. 

Consequently, the mass of water in the wall has the trend to continuously decrease with age, 

not only due to cement hydration but also to water evaporation after the wall has been erected. 

Therefore, the humidity of the wall decreases in the first year and finally attains a dynamic 
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balance with the surrounding. The average relative humidity decreases in the first 30 days as a 

consequence of evaporation and hydration, and subsequently increases in 30 to 60 days as a 

result of water infiltration from the ground soils into the wall. The average thermal conductivity 

of the wall drops during the first 15 days due to water evaporation but subsequently rises as a 

result of growing dampness and the buildup of hydration products. After about 50 days of 

curing, the average dry density of the wall continues steady growth, and the humidity of the 

wall fluctuates yearly with time, causing the average thermal conductivity to be influenced 

mainly by the humidity of the wall and to thus vary seasonally. After the wall has been 

constructed and cured in its local environment, a portion of the water will transfer to the 

hydration products by reacting with the cement. Consequently, the average dry density and the 

degree of hydration of the wall undergo comparable variations throughout time. The average 

unconfined compressive strength of the wall tends to increase and then stabilize with curing 

time in the investigated five years. The average wall strength rises consistently with time due 

to drying-wetting cycles caused by the environment, which is also observed by [328]. However, 

a deceleration zone of increasing wall strength appears between 30 and 60 days as a result of a 

wetter state caused by rising damp water. In the following four years, the change in the degree 

of cement hydration is not significant compared to that in the first year, although changes in the 

mass of water (used for chemical reaction) due to growing damp persist. For the reason that 

strength increments of cementitious soil mainly come from the combined effects of cement 

hydration and increased suction, the average compressive strength of the wall is then fixed 

around a certain value but still fluctuates in a range in the later four years. 

 

4.2.1.2.2 Structural behavior of the wall 

In reality, the CSRE wall may have different engineering characteristics in different parts of the 

wall. To gain a better and more convenient understanding about the properties of the 

investigated wall, the contour surface plots are used to visualize the variation of the degree of 

cement hydration, volumetric water content, thermal conductivity, and compressive strength in 

the wall. 
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Degree of cement hydration of CSRE wall  

 

 

Figure 4.20. Variation of the degree of cement hydration in CSRE wall and nearby 

underground soil after 0, 7, 15, 30, 60, 90, 120, 180, 240, 300 and 365 days of construction 

Figure 4.20 shows the distribution of the degree of cement hydration in the CSRE wall and in 

nearby underground soil after 0, 7, 15, 30, 60, 90, 120, 180, 240, 300 and 365 days of 

construction. It can be observed that no cement reacts with water at the beginning. In the first 

15 days after construction, the cement hydration process is mainly controlled by the chemical 

reactions occurring uniformly within the wall, which leads to nearly uniform distributions of 

the degree of hydration. Furthermore, a higher degree of cement hydration is observed near the 

indoor side of the wall compared to the parts near the outside and underneath the ground 

because of higher indoor temperature. And this phenomenon continued until the degree of 

hydration in all parts of the wall reaches a high level, and then trends to stabilize with time in 

the following days. In particular, the water that flows into the CSRE wall from the bottom due 

to a wetter ground soil in winter replenishes the water required for hydration reaction, 

enhancing the degree of hydration near the bottom side at 300 and 365 days. 
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Volumetric water content of CSRE wall  

 

Figure 4.21. Variation of the volumetric water content in CSRE wall and nearby underground 

soil after 0, 7, 15, 30, 60, 90, 120, 180, 240, 300 and 365 days of construction 

Figure. 4.21 depicts the distribution of the volumetric water content in the CSRE wall and 

adjacent underground soil at various times. Due to the combined effects of gravity and 

evaporation, the simulation results indicate that the upper side of the wall is drier than the lower 

side after 7 days of construction. Due to the increased rate of evaporation caused by the wind, 

the outdoor portions of the wall are drier than the wall near the indoor side after 15 days. 

Moreover, from 7 to 60 days, the wetter areas increase with time due to the rising damp water. 

Intriguingly, a greater proportion of the wall is wetter at 60 days than at 30 days, although 

underground soil achieves its wettest state at about 30 days. This delayed impact is caused by 

the fact that the water that flowed into the wall in the first 30 days did not evaporate in time but 

was stored as a water source in the wall, which makes the wet areas expand upward later. After 

60 days following construction, the water in CSRE wall continuously flows out due to dryer 

ambient air and drier underground soil in summer. Furthermore, at 365 days, when the 

surrounding environment turns humid during the winter, the wall gets wet again. 
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Volumetric water content of CSRE wall  

 

 

Figure 4.22. Variation of thermal conductivity in CSRE wall and nearby underground soil 

after 0, 7, 15, 30, 60, 90, 120, 180, 240, 300 and 365 days of construction 

Afterwards, the distribution of thermal conductivity in the CSRE wall and nearby earth at 

various time nodes after construction is simulated, and the results are displayed in Figure 4.22. 

In general, a greater proportion of water in CSRE results in a low thermal resistance (higher 

thermal conductivity). Consequently, similar distributions of thermal conductivity and 

volumetric water content are observed in the wall. These results reveal that water has a 

significant impact on the thermal isolation qualities of the wall. Since a greater dry density 

reduces the distance between soil particles, enabling more solid particles to transfer heat in 

contact with each other, a higher dry density (degree of hydration) of the CSRE material results 

in a higher thermal conductivity of the material. It can be noted that the variations in thermal 

conductivity after 60 days closely parallel the changes in the volumetric water content of the 

wall. This is due to the fact that the average dry density of the wall reaches a relatively constant 

value after 60 days (Figure 4.19), and the changes in the thermal resistance of the material are 

driven mainly by fluctuations in water content. During the first 60 days, the thermal 

conductivity of the wall is unstable since both the water content and dry density of the wall are 

undergoing fast changes. 

 

 

 

 



CHAPTER 4.  APPLICATIONS AND CASE STUDIES 

 

111 

 

 

Compressive strength of CSRE wall  

 

 

Figure 4.23. Variation of the compressive strength in CSRE wall after 0, 7, 15, 30, 60, 90, 

120, 180, 240, 300 and 365 days of construction 

After that, the distribution of the compressive strength in CSRE wall is also studied and the 

results are presented in Figure 4.23. For a certain type of CSRE, the material strength is affected 

by the mass of produced binders (hydration products), dry density and water content. From the 

results at 300 and 365 days, it can be observed that the compressive strength of the wall is 

clearly impacted by the moisture in the ground soil. Moreover, in the first 15 days following 

construction, the wall maintains a relatively moist state (Figure 4.19) without significant 

fluctuations in the relative humidity; therefore, the wall strength is mainly dominated by cement 

hydration. For the majority of the period following construction, the strength of the wall is 

affected visibly both by cement hydration and material humidity. Different from the 

distributions of thermal conductivity exhibiting a weak correlation with dry density when the 

dry density changes in a narrow range between 2000 to 2100 kg·m-3, but a strong relation with 

water. The compressive strength of CSRE walls is more susceptible to binder-induced dry 

density variations, which results in more irregular distributions of compressive strength in the 

wall. 
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Compressive strength variation at typical points on the wall 

 

 

Figure 4.24. Time effect on the compression strength of different points in (a) the middle with 

different heights (b) different parts with the height of 0.5 m (c) different parts with the height 

of 2.5 m 

A number of points in distinct wall areas are selected to show more precisely the effect of time 

on the compressive strength of the wall. Three separate points in the middle of the wall with 

the height of -0.25 m, 0.5 m, and 2.5 m are used to illustrate the effects of height on the long-

term compressive strength, and the results are shown in Figure 4.24a. It is obvious that the 

direct contact of the wall with the ground soils makes the compressive strength of the wall 

decrease as its height decreases. As a result of rising damp, water is replenished from the bottom 

to the upper portion of the wall (Figure 4.21, 60 days); therefore, the point on the upward portion 

of the wall experiences a rapid decline in compressive strength at around 60 days in the first 

180 days. For the points with a height of -0.25 m and 0.5 m, however, the compressive strength 

does not decrease without a sudden drop in the first 180 days owing to consistent and moderate 

moisture changes. In addition, the point in the higher portion loses its strength later than the 

points in the lower part of the wall since it takes longer for water to transport from the ground 

soil to the upper side of the wall. Six different points with the same height of 0.5 m/2.5 m but 

placed in the indoor, outdoor, and central parts of the wall are then selected to display the 

strength changes in the bottom/upper portion of the wall; the simulation results are shown in 

Figure 4.24b/Figure 4.24c. Due to sufficient contact between the wall surface and the air, 

moisture is transferred more efficiently, leading the points on the wall's surface to suffer a 
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decrease in strength before the point in the wall's middle throughout the year. Moreover, since 

the water supply is sufficient for the three points at the height of 0.5 m, the point on the indoor 

surface of the wall has the highest compressive strength due to a greater degree of hydration 

and lower water content as a consequence of a warmer and drier indoor environment. On the 

one hand, due to evaporation and gravitational impacts, the mass of water that may react with 

cement is limited for the points located on the wall surface with a height of 2.5 m. On the other 

hand, the shortage of water causes the hydration process to be governed chiefly by temperature. 

Therefore, the point on the outdoor surface has a lower degree of hydration than on the indoor 

surface, resulting in a lower compressive strength. 

 

4.3 Conclusion 

The proposed numerical model is utilized to investigate the structural behaviors of CSRE 

(URE) constructions in situ. Initially, the long-term structural behaviors of URE walls are 

investigated by comparing the effects of different kinds of environments on the walls. The 

simulation results reveal that the distribution of soil grain size has a larger effect on the THM 

characteristics of the wall than the local environment. Moreover, the majority of the drying 

process takes place in the first year after construction. Later, apart from the effects of the 

environment, the effects of rising damp from the ground are also included to better understand 

the long-term characteristics of the URE walls without the protection of the basement. The 

simulation results demonstrate that time has a positive effect on the THM characteristics of a 

URE wall, since the evaporation process reduces the wall's humidity and increases its thermal 

insulation and mechanical strength. On the contrary, the rising damp reduces the heat resistance 

of the walls and increases their vapor resistance, making the URE structure less inhabitable. 

Eventually, the long-term CTHM characteristics of the CSRE wall under the interactions of the 

environment and underground soil are studied. It has been observed that the cement is not 

completely hydrated even after five years of curing. In the first year after construction, the 

degree of cement hydration is higher near the indoor side of the wall compared to the parts near 

the outside and underneath the ground because of the higher indoor temperature. The 

compressive strength of the wall is mainly controlled by cement hydration at an early age but 

also impacted by the humidity of the environment and the underground soil. The higher portion 

of the wall loses its strength later than the lower part since it takes longer for water to get from 

the ground soil to the upper side. This delay effect is dissipated on the wall surface as a result 
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of sufficient air contact. The lack of water on the upper side of the wall causes the hydration 

process in this region to be governed primarily by temperature. 
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General conclusions 

To globally describe and forecast the general chemo-thermo-hydro-mechanical (CTHM) 

behaviors of a typical CSRE (URE) wall under in-situ conditions, the authors conduct literature 

reviews in order to acquire a comprehensive understanding of the fundamental engineering 

characteristics of CSRE (URE) and the factors influencing the properties of the researched 

materials. According to the literature review, the production process, material interactions, and 

continual environmental changes have a significant effect on the long-term chemo-thermo-

hydro-mechanical characteristics CSRE (URE). 

It has been found that, for different (CSRE) URE materials, the thermal conductivity increases 

with the increasing of dry density and water content; the specific heat capacity of dry CSRE 

(URE) is not apparently influenced by the material dry density; the intrinsic water permeability 

decreases with dry density and increases with water content; the retention ability increases when 

the fine content increases; the unconfined compressive strength first slowly and then rapidly 

increases with material dry density; the elastic modulus at failure reduces on the wetting path 

and increases on the drying path; the decrease in water content and the increase of fine content 

enhance the unconfined compressive strength and tensile strength; the tensile strength is 

frequently estimated through the unconfined compressive strength by researchers; the Poisson’s 

ratio increases with water content. For CSRE materials, in comparison to the effect of other 

parameters, such as grain size distribution, dry density, water content, etc., the effect of cement 

hydration on the fluctuations of soil water retention curve (saturation-suction scale) and thermal 

conductivity is insignificant. The hydration process consumes free water in the form of 

chemically reacted water and chemisorbed water. In addition, cement hydration increases the 

mechanical resistance of CSRE over time, and this resistance is affected by the curing 

conditions. The growth in strength is facilitated by a rise in conditioning temperature and 

humidity and impeded by a fall in conditioning temperature and humidity. 

On the basis of the literature review, it has been found that the characteristics of CSRE (URE) 

materials vary significantly across experimental studies, making their application under in-situ 

condition more challenging. The absence of a global perspective on all sorts of CSRE (URE) 

materials impedes the development of an internationally recognized standard for CSRE (URE) 

materials. Consequently, to estimate the long-term CTHM behavior of CSRE (URE) materials, 

the combined effects of initial water content, initial dry density, initial grain size distribution, 

initial cement content, curing conditions, and curing duration should be assessed 

simultaneously throughout the design phase. 
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Therefore, in this study, a novel finite element framework applicable to both URE and CSRE 

materials is proposed to explain the linked CTHM behaviors of these materials. To validate the 

proposed theoretical framework, several experimental results for URE and CSRE materials 

from the existing literature are recreated. The suggested numerical framework is then utilized 

to estimate the features of typical CSRE (URE) walls. 

The proposed numerical model is then extended to study the structural behaviors of CSRE 

(URE) constructions under in-situ conditions. First, the long-term structural behaviors of URE 

walls are studied by considering the effects of different environment types on the walls. The 

simulation findings indicate that the distribution of soil grain size has a significant effect on the 

THM properties of wall. Moreover, the majority of the drying process occurs in the first year 

following construction. The average temperature inside the wall is not noticeably impacted by 

the wall's relative humidity and fine content, but rather by the temperature changes in the 

surrounding environment. The horizontal pushover strength rises sharply in the first year, and 

then tends to stabilize over time. For the same fine content, walls in a drier climate have a 

greater strength than those in a moister climate. 

Later, apart from the effects of the environment, the effects of rising damp from the ground are 

also studied for the long-term characteristics of the URE walls. The simulation results indicate 

that time has a favorable effect on the THM attributes of a URE wall because the evaporation 

process decreases the wall's humidity, increases thermal insulation and mechanical strength. 

For the wall that is not covered by a waterproof basement, water travels from the bottom to the 

interior, and water evaporates through the surfaces of the wall, achieving equilibrium and 

leaving the wall wet on the bottom and dry on the top. In addition, the growing damp diminishes 

the heat resistance of the walls and raises their vapor resistance, making the URE building less 

livable. In the absence of rising damp, the horizontal bearing capacity increases by 47 percent 

between 7 days and 1825 days following construction, whereas this increase is only 10 percent 

when rising damp is present. After five years, the wall's thermal insulation resistance decreases 

and its vapor resistance increases less due to growing humidity. 

Eventually, the long-term CTHM characteristics of the CSRE wall under the interactions of the 

environment and underground soil are studied. It has been observed that the average degree of 

cement hydration of the wall increases annually, while the rate of the increment decreases with 

time. The cement is not completely hydrated even after five years of curing. In the first year 

after construction, the degree of cement hydration is higher near the indoor side of the wall 

compared to the parts near the outside and underneath the ground because of the higher indoor 
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temperature. The upper and indoor sides of the wall are generally drier than the lower and 

outdoor sides. The rising damp water that does not evaporate in time stores as a water source 

in the wall, making the wet areas expand in the following days. The average wall temperature 

first increases due to the hydration heat and later varies seasonally with the environment. The 

thermal insulation of the wall decreases due to rising damp but increases owing to water 

evaporation. The compressive strength of the wall is mainly controlled by cement hydration at 

an early age but also impacted in the later four years by the humidity of the environment and 

the underground soil. The higher portion of the wall loses its strength later than the lower part 

since it takes longer for water to get from the ground soil to the upper side. This delay is 

dissipated on the wall surface owing to sufficient contact with the air. The shortage of water on 

the upper side of the wall leads the hydration process in this area to be governed chiefly by 

temperature. 
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Résumé de la thèse intitulée : Modélisation de couplage chemo-

thermo-hydro-mécanique (CTHM) dans les structures en pisé 

Pour décrire et prévoir globalement le comportement chemo-thermo-hydro-mécanique 

(CTHM) d'un mur typique en pisé dans des conditions in-situ, les auteurs effectuent cette 

étude sur les caractéristiques fondamentales du pisé stabilisé au ciment (CSRE) et du pisé 

non stabilisé (URE).  

Dans un premier temps, la technique de construction en pisé non stabilisé (URE), et en 

pisé stabilisé au ciment (CSRE) est présentée. Pour comprendre leurs propriétés 

fondamentales, ainsi que la distinction entre les matériaux étudiés, une revue de la 

littérature concernant le comportement thermo-hydro-mécaniques de l'URE est ensuite 

menée. Puisque les CSRE sont produits à partir des URE, les comportements chemo-

thermo-hydro-mécaniques des CSRE sont étudiés par la suite.  

Il a été constaté que, pour les différents matériaux (URE ou CSRE), la conductivité 

thermique augmente avec la densité sèche et la teneur en eau ; la capacité thermique 

spécifique du CSRE (URE) n'est pas influencée par la densité sèche du matériau ; la 

perméabilité à l'eau intrinsèque diminue avec la densité sèche et augmente avec la teneur 

en eau ; la capacité de rétention augmente lorsque la teneur en fines augmente ; la 

résistance à la compression non confinée augmente d'abord lentement puis rapidement 

avec la densité sèche du matériau ; le module d'élasticité à la rupture diminue sur le 

chemin de mouillage et augmente sur le chemin de séchage ; la diminution de la teneur en 

eau et l'augmentation de la teneur en fines améliorent la résistance à la compression et la 

résistance à la traction ; la résistance à la traction est fréquemment estimée par les 

chercheurs à partir de la résistance à la compression ; le coefficient de Poisson augmente 

avec la teneur en eau. Pour les matériaux CSRE, l'effet de l'hydratation du ciment sur les 

fluctuations de la courbe de rétention d'eau du sol (échelle de saturation-suction) et de la 

conductivité thermique est insignifiant. Le processus d'hydratation consomme de l'eau 

libre sous forme d'eau ayant réagi chimiquement et d'eau chimisorbée. En outre, 



 
 

 

 

 

l'hydratation du ciment augmente la résistance mécanique du CSRE au fil du temps, et 

cette résistance est affectée par les conditions de durcissement. La croissance de la 

résistance est facilitée par une augmentation de la température et de l'humidité et limitée 

par une baisse de la température et de l'humidité. 

La recherche documentaire révèle que les propriétés de l'URE et du CSRE varient 

grandement en fonction des résultats expérimentaux obtenus dans la littérature, et 

l'absence d'une perspective globale sur tous les types de matériaux URE et CSRE 

empêche le développement d'une norme mondialement reconnue pour les matériaux URE 

et CSRE. En plus, il a été découvert que le type de matériau, la méthode de production et 

l'interaction entre les matériaux et l'environnement ont un impact substantiel sur le 

comportement chemo-thermo-hydro-mécanique (CTHM) à long terme de l'URE et du 

CSRE. Un modèle capable de décrire et de prévoir ce comportement en fonction du 

temps de tous les types de matériaux URE et CSRE d'un point de vue global est d'une 

importance essentielle pour l'application de ces matériaux et le développement de normes 

industrielles.  

Ensuite, un modèle par éléments finis est proposé pour estimer les caractéristiques 

CTHM à long terme de divers matériaux URE et CSRE. Une revue systématique de la 

littérature a permis de découvrir que les caractéristiques de ces matériaux (CSRE ou URE) 

varient considérablement d'une étude expérimentale à l'autre, ce qui rend leur application 

dans les conditions in situ plus difficile. L'absence d'une perspective mondiale sur tous 

les types de matériaux (CSRE ou URE) entrave la création d'une norme mondialement 

acceptée pour les matériaux (CSRE ou URE). Par conséquent, pour estimer globalement 

le comportement CTHM à long terme de différents matériaux (CSRE ou URE), leurs 

caractéristiques doivent être prédites dès la phase de conception. 

Par conséquent, un nouveau cadre d'éléments finis applicable aux matériaux URE et 

CSRE en considérant les effets combinés de la teneur en eau initiale, de la densité sèche 

initiale, de la distribution granulométrique initiale, de la teneur en ciment initiale, des 



 
 

 

 

 

conditions de cure et de la durée de la cure est proposé pour expliquer le comportement 

CTHM liés à ces matériaux. La méthode numérique se compose principalement de quatre 

parties, à savoir l'hydratation du ciment, le flux d'eau non saturée, le transfert de chaleur 

et les réponses mécaniques. En appliquant des conditions aux limites appropriées, la 

méthode proposée devrait être capable d'estimer les propriétés CTHM dépendantes du 

temps du CSRE (URE) dans les conditions de laboratoire et in-situ. Ensuite, la méthode 

proposée est utilisée pour prédire certaines caractéristiques du CSRE (URE) rapportées 

dans la littérature, et les prédictions sont comparées aux résultats expérimentaux. 

Ensuite, un certain nombre de données expérimentales pour les matériaux URE et CSRE 

sont utilisées pour valider le cadre théorique, établi dans cette étude. Les résultats 

expérimentaux étudiés, notamment le processus de séchage, le transfert de chaleur et 

d'humidité relative, la résistance à la compression, la résistance à la traction, la relation 

contrainte-déformation, le processus d'hydratation du ciment, les effets du rapport eau-

ciment, etc. sont comparés aux prédictions numériques. Les comparaisons montrent une 

bonne capacité du modèle proposé à expliquer les propriétés CTHM en fonction du temps 

des matériaux (CSRE ou URE) dans des conditions de laboratoire. Ensuite, le cadre 

numérique proposé est utilisé et étendu pour estimer les caractéristiques de murs typiques 

(en CSRE ou URE) dans des conditions in-situ, et les simulations numériques associées 

sont présentées dans le chapitre suivant. 

Enfin, le modèle numérique proposé est utilisé pour étudier le comportement structurel 

des constructions (CSRE ou URE) à l’in situ. Dans un premier temps, le comportement 

structurel à long terme des murs URE sont étudiés en comparant les effets de différentes 

conditions environnementales sur les murs. Les résultats de la simulation révèlent que la 

distribution de la taille des grains du sol a un effet plus important sur les caractéristiques 

THM du mur que l'environnement local. De plus, la majorité du processus de séchage a 

lieu au cours de la première année après la construction. Par la suite, outre les effets de 

l'environnement, les effets de l'humidité ascendante provenant du sol sont également 

inclus pour mieux comprendre les caractéristiques à long terme des murs URE sans la 



 
 

 

 

 

protection du sous-sol. Les résultats de la simulation montrent que le temps a un effet 

positif sur les caractéristiques THM d'un mur URE, puisque le processus d'évaporation 

réduit l'humidité du mur et augmente son isolation thermique et sa résistance mécanique. 

Au contraire, l'humidité ascendante réduit la résistance thermique des murs et augmente 

leur résistance à la vapeur, rendant la structure URE moins habitable. Enfin, les 

caractéristiques à long terme d’un mur en CSRE sous les interactions de l'environnement 

et du sol souterrain sont étudiées. Il a été observé que le ciment n'est pas complètement 

hydraté même après cinq ans de cure. Au cours de la première année après la construction, 

le degré d'hydratation du ciment est plus élevé au côté intérieur du mur par rapport aux 

parties de l'extérieur et sous le sol en raison de la température intérieure plus élevée. La 

résistance à la compression du mur est principalement contrôlée par l'hydratation du 

ciment à un âge précoce, mais elle est également influencée par l'humidité de 

l'environnement et du sol souterrain. La partie supérieure du mur perd sa résistance plus 

tard que la partie inférieure, car l'eau met plus de temps à passer dans cette partie 

supérieure. Cet effet de retard est dissipé à la surface du mur grâce à un contact suffisant 

avec l'air. En raison du manque d'eau sur la face supérieure du mur, le processus 

d'hydratation dans cette région est principalement régi par la température. 

Les auteurs espèrent que cette étude numérique est complémentaire aux études 

expérimentales. Ils souhaitent aussi que cette étude sera utile pour le développement des 

normes de construction en CSRE ou URE.  

 

 

 

 

 



 

 

Xiang ZHANG 

Modélisation de couplage chemo-thermo-hydro-mécanique 

(CTHM) dans les structures en pisé 

Résumé 

Le pisé est une technique de construction ancienne que l'on retrouve sur de nombreux 

sites patrimoniaux à travers le monde. Ce matériau est compacté avec le sol à l'aide d'un 

système de compactage pneumatique ou manuel dans un coffrage. Ces dernières années, 

on a assisté à une renaissance de l'intérêt pour les matériaux en terre, alimentée par des 

préoccupations environnementales croissantes. Ce matériau est aujourd'hui reconnu 

comme un matériau de construction moderne. Les RE consistent en un mélange d'argile, 

de limon, de sable, de gravier et parfois de cailloux de quelques millimètres de diamètre. 

Lorsque l'argile est le seul liant, le matériau est appelé pisé non stabilisé (URE) ; lorsque 

le ciment est utilisé pour améliorer les qualités des  pisés, telles que la résistance ou la 

durabilité, le matériau est appelé le pisé stabilisé au ciment (CSRE). Dans cette étude, 

l'URE est traitée comme un cas particulier de CSRE avec une teneur en ciment de 0%. 

L'objectif de cette étude est de décrire globalement et de prévoir les comportements 

généraux chemo-thermo-hydro-mécaniques (CTHM) d'un mur CSRE (URE) typique 

dans les conditions in-situ. 

Les auteurs ont effectué une revue de la littérature afin d'acquérir une compréhension 

complète des caractéristiques techniques fondamentales des CSRE (URE) et des facteurs 

influençant les propriétés des matériaux étudiés. Sur une étude approfondie de la 

littérature, il a été constaté que les caractéristiques des matériaux CSRE (URE) varient 

considérablement par rapport ces études expérimentales, ce qui rend leur application dans 



 
 

 

 

 

des conditions in situ plus difficile. L'absence d'une perspective globale sur toutes sortes 

de matériaux CSRE (URE) empêche le développement d'une norme internationalement 

reconnue pour les matériaux CSRE (URE). Par conséquent, pour estimer le 

comportement CTHM à long terme des matériaux CSRE (URE), les effets combinés de la 

teneur en eau initiale, de la densité sèche initiale, de la distribution de pores initiale, de la 

teneur en ciment initiale, des conditions de durcissement et de la durée de durcissement 

doivent être évalués simultanément tout au long de la phase de conception. 

Par conséquent, dans cette étude, un cadre numérique basé sur la méthode d'éléments 

finis applicable aux matériaux URE et CSRE est proposé pour expliquer les 

comportements CTHM liés de ces matériaux. Pour valider le cadre théorique proposé, 

plusieurs résultats expérimentaux pour les matériaux URE et CSRE issus de la littérature 

existante sont recréés et comparés aux résultats expérimentaux.  

Le modèle numérique proposé est ensuite étendu pour étudier les comportements 

structurels des constructions CSRE (URE) dans des conditions in-situ. Les 

comportements structurels à long terme des murs URE sont d'abord étudiés en 

considérant les effets de différentes conditions climatiques sur les murs. Ensuite, les 

effets de l'humidité ascendante provenant du sol sont également étudiés pour les 

caractéristiques à long terme des murs URE. Enfin, les caractéristiques CTHM à long 

terme du mur CSRE sous les interactions de l'environnement et du sol souterrain sont 

étudiées. 

Mots clés : Pisé non stabilisé (URE) ; Pisé stabilisé au ciment (CSRE) ; Couplage 

chimico-thermo-hydro-mécanique (CTHM) ; Effets climatiques ; Remontée d'humidité ; 

Flux d'eau ; Résistance thermique ; Résistance à la compression ; Simulations 

numériques. 

 

 



 

 

Xiang ZHANG 

Modeling the chemo-thermo-hydro-mechanical coupling 

(CTHM) of rammed earth structures 

Abstract 

Rammed earth (RE) is an ancient building technique that may be found at numerous 

heritage sites across the world. This material is compacted with the soil using a 

pneumatic or manual rammer in a formwork. In recent years, there has been a renaissance 

of interest in earth materials, fueled by rising environmental concerns. This material is 

today recognized as a modern construction material that can make aesthetically pleasing 

and comfortable structures. RE raw materials consist of a mixture of clay, silt, sand, 

gravel, and occasionally pebbles measuring a few millimeters in diameter. When clay is 

the only binder, the material is referred to as unstabilized rammed earth (URE); when 

cement is used to improve RE qualities, such as strength or durability, the material is 

referred to as cement stabilized rammed earth (CSRE). In this study, URE is treated as a 

special instance of CSRE with 0% cement content. 

The objective of this study is to globally describe and forecast the general chemo-thermo-

hydro-mechanical (CTHM) behaviors of a typical CSRE (URE) wall under in-situ 

conditions. 

The authors conduct literature reviews in order to acquire a comprehensive understanding 

of the fundamental engineering characteristics of CSRE (URE) and the factors 

influencing the properties of the researched materials. On the basis of the literature 

review, it has been found that the characteristics of CSRE (URE) materials vary 

significantly across experimental studies, making their application under in-situ 



 
 

 

 

 

conditions more challenging. The absence of a global perspective on all sorts of CSRE 

(URE) materials impedes the development of an internationally recognized standard for 

CSRE (URE) materials. Consequently, to estimate the long-term CTHM behavior of 

CSRE (URE) materials, the combined effects of initial water content, initial dry density, 

initial grain size distribution, initial cement content, curing conditions, and curing 

duration should be assessed simultaneously throughout the design phase. 

Therefore, in this study, a novel finite element framework applicable to both URE and 

CSRE materials is proposed to explain the linked CTHM behaviors of these materials. To 

validate the proposed theoretical framework, several experimental results for URE and 

CSRE materials from the existing literature are recreated and compared with the 

experimental results.  

The proposed numerical model is then extended to study the structural behaviors of 

CSRE (URE) constructions under in-situ conditions. The long-term structural behaviors 

of URE walls are first studied by considering the effects of different environment types 

on the walls. After that, apart from the effects from the environment, the effects of rising 

damp from the ground are also studied for the long-term characteristics of the URE walls. 

Eventually, the long-term CTHM characteristics of the CSRE wall under the interactions 

of the environment and underground soil are studied. 

Keywords: Unstabilised rammed earth (URE); Cement stabilized rammed earth (CSRE); 

Chemo-thermo-hydro-mechanical (CTHM) coupling; Climate effects; Rising damp; 

Water flow; Thermal resistance; Compressive strength; Numerical simulations 

 

 

 

 


