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1.1 Background 

The research on mechanical properties is always a common and fundamental problem in 

concrete research. Effective prediction of concrete compressive strength development has excellent 

significance for guiding construction progress, ensuring construction safety, and increasing 

construction efficiency. Many factors are affecting the growth of concrete compressive strength, 

including the choice of materials such as cement, mix proportion, curing temperature and humidity, 

etc [1-5]. The prediction of concrete compressive strength growth is also widely studied, especially 

the influence of curing conditions [6-9]. But so far, most of the research on the prediction of concrete 

strength growth focus on the influence of curing temperature, and the effect of curing humidity is 

often neglected. It is undeniable that relative humidity plays a vital role in the hydration of cement 

and the strength growth of concrete.  

    From the point of view of engineering, changes in the quality of concrete due to ambient 

conditions start from its surface immediately after the formwork removed. Whereby the quality of 

surface layer concrete, particularly strength and durability, is likely to be lower than that of the 

interior parts. Therefore, the concrete structures were considered of uniform quality both in the 

surface layer and inside. As if the quality declines, the concrete becomes uneven, and the quality of 

the surface layer of the concrete becomes extremely low. The surface quality of concrete is important 

to ensure the durability of concrete structures. The quality of concrete is regarded as important for 

the durability of concrete structures. On the other hand, inadequate curing will inevitably lead to a 

low degree of cement hydration, resulting in the formation of more pore structure. Harmful 

substances such as carbon dioxide and chlorides, can easily erode into the concrete and cause it to 

deteriorate. 

As described by Japanese Architectural Standard Specification[10], the placement time of the 

formwork are based on different strength requirements according to different structural components 

and design standards. The formwork placement time for different types of cement at different 

temperatures as shown in Table 1.1. However, the removal of formwork is based on the strength 

measurement of the specimens that water curing or sealing curing in the on-site experimental field. 

In terms of the actual situation of structure, whether the on-site water curing or seal curing of the 

specimens cannot accurately reflect the development of the actual strength of the structure. This is 

because the volume of the specimen is small, and its internal temperature is critically affected by 

the ambient temperature. While the internal temperature of mass concrete is affected by the 
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hydration heat of cement, which is higher than the actual ambient temperature. On the other hand, 

different ratios of exposed surface area to depth will reflect different humidity development 

tendency when curing at humidity unsaturated condition. In addition, water curing cannot be 

realized in practical engineering, the concrete in actual structure is generally difficult to achieve a 

sufficient curing. Therefore, considering the safety of the structure and the accuracy of the 

evaluation, new method should be proposed to predict the strength development directly from the 

side of the structure and consider the both effect of temperature and relative humidity. 

Recently, the method of evaluating the strength development of concrete structures has been 

applied by setting temperature sensors on formwork to monitor the temperature development of 

concrete. Through the smart sensor formwork, the concrete surface temperature history permits 

tracking, on site and in real time, of strength development of concrete. In these ways, the proposed 

smart sensor formwork system enables a new direction toward higher-level and more sophisticated 

quality control of concrete structures.  

Table 1.1 Age of concrete to determine the location of foundation beams and columns(days) 

 
High early strength 

Portland cement 

Ordinary Portland cement 

Blast furnace cement (Class A) 

Silica cement(Class A) 

Fly ash cement(Class A) 

Blast furnace cement (Class B) 

Silica cement(Class B) 

Fly ash cement(Class B) 

T＞20℃ 2 4 5 

10℃＜T＜20℃ 3 6 8 

In addition, while the concrete is exposed to air after formwork removal, the evaporation of 

moisture from the surface of concrete will take away a large amount of internal moisture, resulting 

in the reduction of internal humidity, which also has a great impact on the strength of concrete. In 

particular, the relative humidity in the surface layer of concrete is much lower than the internal 

relative humidity, so the surface layer shows lower strength than that of the deeper layer of concrete. 

There are many researches on the diffusion and distribution of relative humidity in concrete [11-13]. 

However, little research is related to the relationship between internal relative humidity and strength 

to consider the strength development at different depths.  

    The quality of the cover concrete is very important to the durability of constructions. After 

pouring, the sides and bottom of the slab of concrete are covered with the formwork and the top 

surface is covered with a plastic sheet, see as Figure 1.1. In the outdoor concrete environment, due 

to the sunshine and wind will accelerate the moisture evaporation from the top surface of concrete, 

the temperature and relative humidity will change accordingly. Therefore, (𝑇1, 𝑅𝐻1) in Figure 1.1 
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are varying with time developing. At the bottom, the temperature 𝑇2 will change correspondingly 

due to the heat released by the hydration of cement. While the humidity is always about 100% 

because there is no loss of moisture, the hydration of cement consumes only a small amount of water. 

Obviously, the mechanical properties and durability of surface concrete are lower than the bottom. 

 

Figure 1.1 Diagram of cast-in-place concrete 

 

On the other hand, the decrease in the moisture content of the surface concrete reducing the 

hydration rate of the cement. Result to higher porosity and pore diameter are generated in surface 

layer concrete. In the long term, the cracks caused by drying and steel corrosion will occur gradually. 

Also, the strength of surface concrete can be used as an essential index to evaluate the durability 

because high strength inevitably exists high concrete density.  

In order to obtain the rule of strength development under the influence of different temperature 

and relative humidity, it is an appropriate method through calculating the development of equivalent 

age which allowed to calculate the strength development at a varying temperature and relative 

humidity curing condition. The equivalent age in this study that corresponds to time would present 

the degree of reaction (or strength) with different actual temperature and relative humidity 

conditions relative to the reference temperature(𝑇𝑟 = 20 °C) and reference relative humidity (𝑅𝐻𝑟 =

100%). As a representation of the concept of concrete maturity, the equivalent age can be shown 

more intuitively in time. By comparing to the standard curing, the equivalent age under different 

curing condition can be calculated, and the mold removal time of building concrete under 

corresponding conditions can be determined based on table 1.1.   

In conclusion, concern about the quality of surface concrete, both temperature and relative 
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humidity have an important impact. How to propose a reasonable and effective method to accurately 

evaluate the strength growth within the consideration of temperature/relative humidity effect should 

be a problem need to be solved.  

 

1.2 Objective 

The objective of this research is to propose a novel method to predict the strength development 

of the surface layer concrete considering the influence of both temperature and relative humidity.  

Firstly, on the basis of the existing prediction model, propose a modified model of the 

combined influence of temperature and relative humidity through experimental results and 

theoretical analysis. This part will conduct with the equivalent age function of maturity method and 

put forward a new relative humidity modified equivalent age function to predict the strength 

development under the influence of different relative humidity conditions. The significance of the 

study of this part is to fully consider the impact of various curing factors during the cement reaction 

process, such as temperature and relative humidity, to achieve a more accurate prediction of the 

equivalent age development each condition. Then utilize the modified equivalent age function into 

a strength prediction model to obtain the strength development of each condition.  

Secondly, to predict the strength development of surface layer concrete by considering 

temperature and relative humidity, the development tendency of relative humidity with time of 

surface layer concrete is necessary to know. Therefore, the internal relative humidity change of 

surface layer concrete is predicted through the theory of relative humidity diffusion. Then the 

purpose of evaluating the strength development of surface layer concrete can be achieved by 

combining with the modified strength prediction model.  

    This study is obviously of great significance for accurately evaluating the development of 

concrete strength, guiding the appropriate demolding time in practical construction, and improving 

production efficiency and safety. However, in addition to the above purposes, the application of the 

model needs to be satisfied  

(1) The proposal of the temperature and relative humidity influenced equivalent age function 

should be on the basis of science and engineering. 

(2) The proposed method should be within a reasonable and accurate prediction range to ensure the 

safety of engineering applications. 

(3) The application of the proposed model should have a certain guiding effect on the actual 
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construction engineering.  

    

1.3 Composition 

   According to the above research purposes, the specific composition of each chapter of this thesis 

will be studied in the following details. 

    Chapter 1 introduces the research background, objectives and the composition of this thesis.  

    Chapter 2 introduces and summarizes the current research development based on each research 

aspects concerning the study of this thesis. The literature review mainly includes  

⚫ The hydration reaction of the main components of cement and the influence of curing 

conditions of temperature and relative humidity on the degree of hydration of cement. 

⚫ The development and current research of maturity method. Primarily focus on the modification 

of different temperature and relative humidity. 

⚫ The introduction of the widely used strength prediction model. 

⚫ Theory of the moisture diffusion in concrete. 

    Chapter 3, based on the experimental results of the hydration degree of cement powder of 

different relative humidity and temperature, an equivalent age function at different temperature and 

relative humidity is derived according to the relation between hydration degree and hydration rate. 

The proposed function is then validated by comparing the results of other studies.  

    Chapter4 made the different size cement mortar specimens curing at different temperatures and 

relative humidity conditions. Then simulated the humidity distribution of the cross-section and 

predict the strength distribution of each position of the cross-section. Then the prediction strength 

of the proposed model and experimental strength are verified. 

    Chapter 5 introduced the variation of internal humidity caused by moisture diffusion and 

simulated the internal humidity development of concrete in three groups of artificial curing 

environments. According to the simulated results of humidity diffusion at different depths and the 

relative humidity modified strength prediction model proposed in chapter 4, the strength 

development at different depths is predicted. Based on the experimental results of outdoor curing, 

the strength of concrete under the condition of variable temperature and humidity is predicted, and 

the strength development at different depths is also predicted. 

   Chapter 6 summarized the conclusion of each chapter of the thesis and put forward the prospect 

of future research. 
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   A schematic diagram of each chapter of the thesis is shown in Figure 1.2. 

 

Figure 1.2 Structure of the thesis 
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2.1 Cement hydration 

Hydration of Portland cement is a very complicated and heterogeneous chemical reaction 

process[1,2]. From the beginning of water mixing, the hydration reaction of cement will be carried 

out almost all the time if the curing condition is allowed. The microstructure of cement-based 

materials will gradually evolve with the hydration reaction of cement. The state of water mixed 

cement gradually changes from the flow state to the plastic state, and finally to the setting and 

hardening state.  

The hydration process of cement can be summarized as the main clinker material 

composition(content≥95%) alite(𝐶3𝑆 ), belite(𝐶2𝑆 ), tricalcium aluminate(𝐶3𝐴 ) and tetra-calcium 

aluminoferrite(𝐶4𝐴𝐹 ) have complex hydration reactions, and the main hydration products of 

calcium silicate hydrate(C-S-H), calcium hydroxide(CH), AFt and AFm, are generated. However, 

such reaction kinetics is influenced by many factors, such as the mixing method [3,4], the curing 

temperature ‘‘T” [5–11] and the curing relative humidity ‘‘RH” [12–18]. 

     Temperature effect on the microstructure porosity and hydration degree in cement pastes are 

widely reported [19,20]. Several studies have been conducted to illuminate the combined effect of 

curing age and temperature on mechanical properties involved during cement hydration. Kjellsen et 

al. [21] studied the microstructure of cement pastes hydrated at temperatures ranging from 5 to 50 

ºC; a uniform distribution of hydration product for cement can be found when it subjected to low 

temperatures, against non-uniform hydration products for cement cured at high temperatures. 

Martínez-Ramírez and Frías [22] showed that the curing temperature plays a fundamental role in 

the evolution of cement hydration, such that after nine days at 60ºC, the same degree of hydration 

at 90 days and 20ºC is obtained. The temperature rise has an adverse effect on the inner and outer 

microstructure of hydration product particularly in the case of calcium silicate hydrate(C-S-H). 

Regourd and Gautier [23] reported that the outer C-S-H formed at 80ºC was much more fibrous, 

exhibiting morphology reminiscent of pastes hydrated with calcium chloride accelerators. A 

comparison of the size of C-S-H particles obtained at 20 and 80ºC showed that the size of C-S-H 

particles in the high-temperature system was about half the size of the particles forming at lower 

temperatures [24]. Most researchers have shown that exposure to high temperatures at an early age, 

led to a considerable drop in the long-term strength and an increase of the number of the pores in 

the cementitious matrix [19,20,25]. 

In the early stage, after cement mixed with water, cement will continue to hydrate due to 

sufficient water in the pores. However, due to the evaporation of water from the surface in a drying 
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environment, a humidity gradient is generated inside the concrete. A number of previous studies 

have attempted to quantify the effect of environmental relative humidity on Portland cement paste 

hydration [12-18]. From the report by Powers [12], the rate of hydration declines at reduced relative 

humidity, and the hydration of cement virtually cased when the relative water vapor pressure in the 

capillaries drops below about 80%RH. Further studies were conducted based on the compound of 

cement [13,14], which found that the reactions of alite, belite, and tricalcium aluminate stop 

hydrating at the relative humidity level of 85%, 90%, and 60%. Another study[15] pointed out that 

the self-desiccation of cement could not reduce the internal humidity below 80%RH, and belite is 

the most sensitive to reduced relative humidity. In recent years, few studies focus on the relative 

humidity effect on the degree of cement hydration. R.J. Flatt [17] gave out the explanation of why 

alite stops hydrating below 80% relative humidity. M. Wyrzykowski [18] proposed a coefficient 

describing the reduction of hydration rate as a function of RH for different W/B ratio and different 

cements.  

    To link the mechanical properties to the microstructure, the most appropriate method is by 

Powers' ‘gel–space ratio’[26,27], which links compressive strength to the degree of cement 

hydration and the W/C ratio. The development of mechanical properties of hardening cementitious 

materials could be quantified by the degree of hydration, shown as Eq. (2.1).  

𝑓𝑐 = 𝐴 ∙ 𝑋
𝑛                                                                  (2.1) 

Where,  

𝑓𝑐 is the compressive strength of hardening concrete; 

A and n are the fitting constant,  

X is the gel/space ration of Portland cement which can be calculated as  

𝑋 = 
𝑣(𝑇)(1/𝜌)𝛼

(1/𝜌)𝛼+𝑊/𝐶
                             (2.2) 

Where,  

𝑣(𝑇)  is the ration between volume fraction of hydrates over the volume fraction of dissolved 

cement;  

𝜌 is the density of cement;  

𝛼 is the hydration degree of cement.  

W/C is the inverse of the cement-water ratio. 

Gel/space ratio is defined as the ratio of the volumes of the hydrated cement to the sum of the 

volumes of the hydrated cement and the capillary pore.  



15 
 

 

2.2 Maturity method 

The prediction of compressive strength of concrete gain by considering the combined effects 

of temperature and aging is the most commonly utilized, which is well known as the maturity 

method [28-30]. This was established on the basis of a well-known principle of maturity concept 

proposed by Saul [30]. Within this concept, Saul proposed a maturity rule as: “Concrete of the same 

mix at the same maturity has approximately the same strength whatever combination of temperature 

and time go to make up that maturity”. Saul also suggested a linear function to describe the maturity 

of concrete by considering the relationship with time and temperature, which is shown as Eq. (2.3).  

𝑀 =∑(𝑇 − 𝑇0)∆𝑡

𝑡

0

                                                        (2.3) 

Where,  

M is the maturity index in °C-hours (or °C-days);  

T is the average concrete temperature during the time interval ∆𝑡, (°C); 

𝑇0 is the datum temperature (generally taken to be -10°C);  

t is the curing time, and ∆𝑡 is the time interval (hours or days). 

Based on Arrhenius function, Hansen and Pedersen [31] proposed a new maturity function to 

evaluate the effect of temperature on strength development of concrete based on the Arrhenius 

function [32]. Through the function, the actual age of concrete at different temperatures was 

converted into an equivalent age of the concrete under a reference temperature of 20 ºC.  

𝑡𝑒 =∑𝑒
−
𝐸
𝑅
(
1
𝑇
−
1
𝑇𝑟
)
𝑡                                                          (2.4)

𝑡

0

 

Where,  

𝑡𝑒 is the equivalent age at the reference temperature;  

E is the apparent activation energy in J/mol;  

𝑅 is the universal gas constant, 8.314 𝐽 𝑚𝑜𝑙 · 𝐾⁄ ;  

𝑇  is the average absolute temperature of concrete during interval 𝑡  in Kelvin;  𝑇𝑟  is the 

absolute reference temperature in Kelvin. 

This equivalent age function overcame the limitation of Saul’s equation because it allowed for 

a non-linear relationship between the initial rate of strength development and curing temperature. 

As a representation of the concept of concrete maturity, the equivalent age can be shown more 

intuitively in the form of time. It also made it possible to calculate the equivalent age through the 

actual age of concrete, in terms of strength development [33].  
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A series of studies on the maturity of concrete have been conducted, among which an 

exponential rate constant function suggested by Tank and Carino [33,34], shows as Eq. (2.5), is 

usually used.  

𝑘 = 𝐴0𝑒
𝐵𝑇                                                                (2.5) 

Where,  

A is the value of rate constant at 0 °C;  

B is the temperature sensitivity factor, 1/°C;  

T is the temperature of concrete.  

Based on the exponential rate constant function of Eq. (2.5), the original equivalent age 

function Eq. (2.4) can be instead by a new form as 

𝑡𝑒 =∑𝑒𝐵(𝑇−𝑇𝑟)𝑡                                                       (2.6)

𝑡

0

 

Where,  

𝑇 is the average absolute temperature of concrete during interval 𝑡 in Kelvin 𝑇𝑟 is the absolute 

reference temperature in Kelvin.  

This equivalent age function is also widely used. To date, most of the assessment methods of 

strength development of cementitious materials are based upon an independent influence factor of 

temperature [31,34-38], while the effect of relative humidity (RH) is usually neglected.  

Moreover, almost all proposed maturity methods have been devised through assuming 

concrete/mortar under a standard curing condition with 100%RH (in water), which is much higher 

than the practical curing RH of most of site-cast concretes. Therefore, the methods only considering 

curing temperature generally overestimate the strength development of concrete/mortar. It is 

indispensable to consider the influence of RH on maturity function of concrete/mortar.  

In recent years, several maturity models have been proposed for predicting mechanical 

properties of concrete considering the effect of RH [39,40]. Liao et al. [39] proposed a humidity-

adjusted maturity function by considering the multi-scale effect of curing temperature and ambient 

RH, in which a humidity factor was incorporated to describe the temperature dependence based on 

the exponential rate constant model proposed in reference [33, 34], to evaluate the compressive 

strength development of early-age concrete. On the other hand, moisture content variation inside 

concrete during curing is mainly caused by the moisture evaporation on the concrete surface and by 

a self-desiccation due to the cement hydration of concrete [41]. In most cases of site-cast concrete 

construction, concrete structures are usually directly exposed to the air after removing their 
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formwork. This results in a rapid decrease in the moisture content at the superficial layer of concrete, 

which affects the cement hydration and mechanical properties of this layer, as well as affects the 

moisture content of the internal concrete layer. According to the literature [42,43], the moisture 

content inside concrete is also influenced by other factors such as water/cement ratio, environmental 

temperature and RH, indicating that it should present a distribution at different depths from the 

concrete surface.  

2.3 Strength prediction model 

Different concrete strength prediction models are utilized by different regions and academic 

organizations in the world. Mostly, the concrete strength prediction models are function related to 

compressive strength and time. The 28-day strength is generally used as a primary factor in each 

model because of the concrete is commonly designed based on the 28-day strength. Among the 

various strength prediction code, the most used is the fib Model Code for Concrete Structures 2010 

(fib MC 2010)[44] and ACI committee 209 (ACI model)[45]. 

(1) fib MC 2010 

As described by fib MC 2010 [44], the relevant compressive strength of concrete at various 

ages 𝑓𝑐𝑚(𝑡) could be estimated from: 

𝑓𝑐𝑚(𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑚28                                                         (2.7) 

with: 

                𝛽𝑐𝑐(𝑡) = exp {𝑠 ∙ [1 − (
28

𝑡𝑒
)
0.5
]}                                              (2.8) 

where,  

𝑓𝑐𝑚(𝑡) is the mean compressive strength in MPa at the age of 𝑡 days;  

𝑓𝑐𝑚28 is the mean tested compressive strength of concrete at the age of 28 days; 𝑠 is a coefficient 

depending on the strength class of cement.  

Coefficient s is given by ranging from 0.20 to 0.38 [44]. As per the Ministry of Land, 

Infrastructure, Transport and Tourism of Japan [46], the factor 𝑠 is taken as 0.31 when ordinary 

Portland cement (OPC) is used as the cementitious material of concrete/mortar. 

(2) ACI model 

ACI model [45] suggested the following model to evaluate the compressive strength evolution 

of concrete as curing time. 

𝑓𝑐𝑚(𝑡) = [
𝑡

𝑎 + 𝑏𝑡
] ∙ 𝑓𝑐𝑚                                                   (2.9) 

where,  
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𝑓𝑐𝑚 is the mean tested compressive strength of concrete at the age of 28 days; 

𝑎 and 𝑏 are coefficients dependent on the type of cement and curing condition of concrete, which 

were suggested ranging from 0.05 to 9.25 and 0.67 to 0.98 in the code [45], respectively. In this 

study, the coefficients 𝑎 and 𝑏 are taken as 4.0 and 0.85 for OPC concrete, respectively.  

2.4 Moisture diffusion in concrete 

Gases, liquids and dissolved substances are transported due to a constant concentration gradient 

according to Fick’s first law of diffusion, as given in Eq. (2.10): 

Q = D
𝑐1 − 𝑐2
𝑙

𝐴 ∙ 𝑡                                                     (2.10) 

Where,  

Q is the amount of substance transported in g;  

𝑐1 − 𝑐2 is the difference in concentration in g/m3;  

l is the length of the penetrated concrete in m;  

A is the penetrated area in m2;  

t is the time in s;  

D is the diffusion coefficient in m2/s.  

In most cases, transient diffusion phenomena occur, that is, the amount of substance diffusing 

varies with location x and time t. In this case, Fick’s second law of diffusion is valid, which describes 

the change in concentration for an element with time according to Eq. (2.11) considering one-

dimensional flow and the diffusion coefficient D to be a constant: 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
                                                           (2.11) 

Where,  

𝑐 is the concentration.  

Bazant [47] took the relative humidity of concrete as the essential variable and used the 

diffusion equation to describe the change of relative humidity of concrete in the drying process. This 

is the most used model to describe the relative diffusion inside the concrete, more information about 

this model is introduced in Chapter 3. 

The transfer, distribution and content change of moisture in concrete have a significant 

influence on its durability, which can cause steel corrosion, chloride erosion and carbonation in 

concrete [44,45,48-50]. Moisture transfer between concrete and environment can be divided into 

two parts: internal and surface water transfer between concrete, and surface water transfer between 

concrete and environment [47,51,52]. In order to quantitatively describe the characteristics of 
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moisture transfer in concrete, it is necessary to establish an appropriate model and corresponding 

boundary and initial conditions. So as to accurately and intuitively show the moisture transfer 

characteristics, the transfer law of moisture with time and position should be indirectly obtained by 

means of numerical simulation method based on the calculation parameters[53,54] such as diffusion 

coefficient[55-61], and surface factor[62-65], initial and boundary conditions of the mathematical 

model. 

2.5 Conclusion 

Sufficient research has shown that the relative humidity has a significant influence on the 

development of cement hydration and strength development of cementitious materials. From the 

point of view of concrete strength prediction, it is necessary to consider the influence of relative 

humidity and temperature at the same time. However, in practical construction, the only surface of 

concrete is exposed to the air and affected by the humidity, which leads to the different strength 

distribution at different depths from the exposure surface. Therefore, it is also necessary to predict 

the strength development of different depths of concrete. 
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Chapter 3 Proposal of temperature and relative humidity 

influenced equivalent age function 
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3.1 Cement hydration degree of various temperature/relative humidity 

As described in chapter 2, the hydration degree of cement is a quantity that reflects the reaction 

amount of mineral composition in cement clinker. Moreover, the hydration reaction of cement is 

affected by many factors, such as temperature and relative humidity during curing.  Within that a 

fundamental principle is known that the cement will stop hydrating when relative humidity is below 

80%, the experimental results of many studies also show the influence of relative humidity on 

cement hydration [1,2]. Although many cement hydration models have given the effect of 

temperature and relative humidity on hydration rate, the effect of both on the maturity has not been 

fully proved to predict the mechanical properties of cementitious products. In order to propose a 

safe and accurate influence factor of temperature and relative humidity from a point view of 

engineering to predicted the development of mechanical properties, this chapter based on the 

hydration degree of cement in the experiment to derived the equivalent age function under the 

combined effect of temperature and relative humidity. 

    The cement hydration degree 𝑡 , is a function of variables temperature(T), relative 

humidity(RH) with the dependent on the time t. Then the increase ∆𝑡 during the time interval ∆𝑡, 

characterizing the rate of hydration, is also a function of variables temperature(T), relative 

humidity(RH) and hydration degree 𝛼𝑡. Which can be written as  

  
𝑇,𝑅𝐻,𝑡

=
∆𝑡

∆𝑡
                                                                  (3.1) 

Hence, we can obtain the following calculation of the degree hydration. 

𝑡0 = 0,        𝑡0
= 0                                                                      

𝑡1 = 𝑡0 + ∆𝑡,         𝑡1
= 𝑡0 + ∆𝑡 ∙ 𝑇,𝑅𝐻,𝑡0

                                   

⋮ 

𝑡𝑛 = 𝑡𝑛−1 + ∆𝑡, 𝑡𝑛 = 𝑡𝑛−1 + ∆𝑡 ∙ 𝑇,𝑅𝐻,𝑡𝑛−1
                              

In summary, at time 𝑡𝑖, the cement hydration degree 𝑡𝑖 can be shown as  

 𝑡𝑖 = ∑ ∆𝑡 ∙ 
𝑇,𝑅𝐻,𝑡𝑖−1

𝑛
𝑖=1                       (3.2) 
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The concept of equivalent age 𝑡𝑒 in the current study presents the chemical reaction velocity 

and its dependence on temperature and relative humidity. The equivalent age 𝑡𝑒 that corresponds 

to time would present the degree of reaction (or strength) with different actual temperature and 

relative humidity conditions relative to the reference temperature 𝑇𝑟 = 20 °C   and reference 

relative humidity 𝑅𝐻𝑟 = 100%. Hence, based on Figure 3.1, the hydration rate of each temperature 

and humidity condition can be expressed as 


𝑇1,𝑅𝐻𝑟,𝑡

=
∆𝑡

∆𝑡1
           for 𝑇1, 𝑅𝐻𝑟                   


𝑇𝑟,𝑅𝐻𝑟,𝑡

=
∆𝑡

∆𝑡𝑒
           for 𝑇𝑟 , 𝑅𝐻𝑟                   


𝑇𝑟,𝑅𝐻2,𝑡

=
∆𝑡

∆𝑡2
           for 𝑇𝑟 , 𝑅𝐻2                   

By introducing ∆𝑡 of 𝑇𝑟 , 𝑅𝐻𝑟 into the other two conditions, we can express ∆𝑡𝑒 as 

∆𝑡𝑒 =
𝑇1,𝑅𝐻𝑟,𝑡

𝑇𝑟,𝑅𝐻𝑟,𝑡

∆𝑡1          for 𝑇1, 𝑅𝐻𝑟                   

∆𝑡𝑒 =
𝑇𝑟,𝑅𝐻2,𝑡

𝑇𝑟,𝑅𝐻𝑟,𝑡

∆𝑡2          for 𝑇𝑟 , 𝑅𝐻2                   

Hereby, the equivalent age of arbitrary variable temperature T and relative humidity RH, the 

equivalent age can be written as 

∆𝑡𝑒 =
𝑇,𝑅𝐻,𝑡

𝑇𝑟,𝑅𝐻𝑟,𝑡

∆𝑡          𝑜𝑟    𝑡𝑒 = 
𝑇,𝑅𝐻,𝑡

𝑇𝑟,𝑅𝐻𝑟,𝑡

∆𝑡           (3.3) 

 

 

Figure 3.1 Definition of equivalent age at variable temperature and relative humidity 
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The relationship between cement hydration rate 
𝑡
 and cement hydration degree 𝑡 can be 

found in some cement hydration models[3-6]. In which, Parrot [3] proposed a simple cement 

hydration model to approximate the rate of reaction of the hydration of the cement clinkers by 

modeling the formation of hydration products. The following equation expressing the hydration rate 

as a function is proposed.  

 
𝑡
= 𝑘(1 − 𝑡)

𝑚                              (3.4) 

Where, 

𝑘 is the rate constant;  

𝑚 is a correlation coefficient. 

This model has been used to verify the characteristics of the reaction rates of each induvial 

phase of cement clinkers [7,8]. However, to determine the overall hydration reaction rate of cement 

clinker, it is also applicable. In this study, the hydration reaction rate related to various curing 

temperature and relative humidity can be derived by the relationship between cement hydration rate 

and cement hydration degree through the varying of the coefficient 𝑘 . In other words, the rate 

constant 𝑘 in Eq. (3.4) is a function of both temperature(T) and relative humidity(RH), therefore, 

Eq.(3.4) can be expressed as 


𝑇,𝑅𝐻,𝑡

= 𝑘𝑇,𝑅𝐻(1 − 𝑡)
𝑚                        (3.5) 

Where,  


𝑇,𝑅𝐻,𝑡

 is the cement hydration rate with the variables of temperature(T), relative humidity(RH) 

and curing time(t);  

𝑘𝑇,𝑅𝐻 is the rate constant dominated by temperature(T) and relative humidity(RH).  

    Considering that at the standard temperature(20ºC) and relative humidity(100%), cement 

hydration rate in Eq.(3.6) could be calculated as 

𝑇,𝑅𝐻,𝑡

𝑇𝑟,𝑅𝐻𝑟,𝑡

=
𝑘𝑇,𝑅𝐻 

𝑘𝑇𝑟,𝑅𝐻𝑟  
                             (3.6) 

Where, 


𝑇𝑟,𝑅𝐻𝑟,𝑡

  is the cement hydration rate at reference temperature 𝑇𝑟 220ºC and relative humidity 

𝑅𝐻𝑟2100%;  

𝑘𝑇𝑟,𝑅𝐻𝑟 is the rate constant at reference temperature 𝑇𝑟 and relative humidity 𝑅𝐻𝑟;  

Introducing Eq.(3.6) into Eq.(3.3), the equivalent age influenced by both temperature and 

relative humidity can be expressed as 

𝑡𝑒 = 
𝑘𝑇,𝑅𝐻 

𝑘𝑇𝑟,𝑅𝐻𝑟  
∆𝑡                             (3.7) 
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To sum up, the approach in this research to derive the equivalent age function is based on the 

relationship between hydration rate of cement and hydration degree of cement. Then, by the 

obtained values of rate constant under various temperature and relative humidity through a cement 

hydration model, the hydration rate relative to a reference conditions can be derived. Finally, the 

expression of hydration degree relative to the hydration rate under reference conditions can be 

expressed, and the equivalent age function of each temperature and humidity relative to reference 

conditions is obtained.  

3.2 Experimental process 

3.2.1 Thermogravimetric Analysis 

The instrument of TG-DTA was carried out by using the Bruker TG-DTA 2000 SA differential 

thermobalance, as shown in Fig. 3.2a. Cement powder samples cured at the relative humidity of 

23%, 43%, 59%, 85%, 95%, 97% of temperature of 20ºC, and cement paste samples cured at relative 

humidity 100% of temperature of 10ºC, 20ºC and 40ºC are used for the test at the curing age of 1, 

3, 7 and 28 days. In addition, a sample of cement clinkers without any curing was also tested for 

comparative calculation. Before the TG-DTA test, each sample was moved to the acetone solution 

for soaking for 24 hours, then stored in vacuum at least for 24 hours.  

The samples were placed into a nitrogen environment in the thermobalance (nitrogen gas flow 

ratio 2 150 mL/min) during the entire testing process. The samples were heated in the thermobalance 

from room temperature to 1100℃ at a heating rate of 10℃/min. A temperature plateau of 20 mins 

at 105℃ was added to the heating process (Fig. 3.2b) to ensure that the free water in the cement 

paste had evaporated as much as possible. Weight loss of each temperature ranges was calculated 

by the self-existed software of the instrument.  

3.2.2 Calculation of hydration degree 

The hydration reactions in cement-based materials or the amount of cement that has reacted 

with water can be described by examining the degree of hydration as done so in Bhatty [9]. The 

decomposition of the cement hydrates during thermogravimetric testing was categorized into three 

stages: dehydration (𝐿𝑑ℎ), dihydroxylation (𝐿𝑑𝑥) and decarbonation (𝐿𝑑𝑐). In this study, these three 

stages are clearly identified in the plotted thermogravimetric (TG) data of the cement paste samples, 

see Fig. 3.2, the free water is considered to be totally evaporated during the heating process up to 

140℃, and then the loss of the chemically bound water of C-S-H takes place during the 

dehydration(𝐿𝑑ℎ) phase in the temperature range of 140℃ to 400℃. Another peak is found between  
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a. Bruker TG-DTA2000SA b. Heating process 

Figure 3.2 Bruker TG-DTA2000SA and heating process 

400℃ and 600°C, which corresponds to the dihydroxylation (𝐿𝑑𝑥) of portlandite. Decarbonation 

(𝐿𝑑𝑐) occurs due to the decomposition of calcium carbonate (CaCO3) between 600℃ and 1100℃. 

Available methods for calculating the degree of hydration of cement paste by using TGA have been 

provided by many researchers [9-12]. In this study, the degree of hydration (𝛼) is calculated by 

synthesizing the methods in Bhatty [9] and Monteagudo et al. [12], which can be included as 

𝑊𝐵 = 𝐿𝑑ℎ + 𝐿𝑑𝑥 + 0.41(𝐿𝑑𝑐 − 𝐿𝑑𝑐𝑎)                                         (3.8) 

𝛼 =
𝑊𝐵

𝑊

× 100                                                              (3.9) 

Where, 

𝛼 is the degree of hydration; 

𝑊𝐵 is the chemically bound water;  

𝑊 is the chemically bound water when 𝛼 = 1; 

𝐿𝑑ℎ , 𝐿𝑑𝑥  and 𝐿𝑑𝑐  are the relative mass loss in the dehydration, dehydroxylation and 

decarbonation regions, respectively.  

𝐿𝑑𝑐𝑎 is the relative mass loss due to the decarbonation of the anhydrous materials (cement particles 

in this study).  

    In Eq. (3.9), 𝑊 is taken as 0.24 by the theoretical stoichiometry of cement found that about 

0.24 parts of chemically bound water are combined with each part of cement when cement is fully 

hrdrated[9,13,14]. 
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Figure 3.3 Example of weight loss curve 

3.3 Result and discussion 

3.3.1 Hydration degree of various temperature and relative humidity 

    Fig. 3.3 and Fig 3.4 showed the TG weight loss curves of cement clinker powder cured under 

different curing relative humidity of the temperature of 20ºC and cement paste under different 

temperature of the relative humidity of 100%. Among them, Fig. 3.3a is the TG curve of cement 

clinker powder without any conditional curing. It is worth noting that the calcium carbonate 

contained raw materials is mixed during the cement-producing process, this results in the weight 

loss due to the decomposition of calcium carbonate (𝐶𝑎𝐶𝑂3) between 600℃ and 1100℃, see Fig. 

3.3a. Based on the tested results, this amount is about 1.212% of the total mass of cement clinker. 

Moreover, as the description of the calculation method of hydration degree in the above section 

3.3.2, this amount of decomposition of calcium carbonate should be removed in the calculation, see 

the (𝐿𝑑𝑐 − 𝐿𝑑𝑐𝑎) in Eq. (3.9). The remaining calcium carbonate will be treated as carbonation of 

calcium hydroxide(Ca(OH)2) from cement hydration. To consider the carbonation of C-S-H, as the 

carbonation reactions of C-S-H occur in the natural environment at a prolonged low rate due to the 

low CO2 concentration in the atmosphere (400 ppm or 0.03-0.04%)[15,16], the carbonation of C-

S-H is neglected. For the cement clinker powder curing at each unsaturated relative humidity (Fig. 

3.3b-Fig3.3g), different tendencies of TG curves can be found. As the conclusion of other studies in 

chapter, at a relative humidity of less than 80%, the process of cement hydration almost stops. 

Therefore, it can be found in Fig. 3.3b-Fig. 3.3d that a similar weight loss of TG curve can be found 

in the curing condition with the relative humidity of 23%, 43%, 59% during 28-day curing 

corresponding to the non-cured cement clinker powder. However, when the curing relative humidity 

is more than 80%, the TG curves of weight loss at different ages show apparent dispersion. It is not 
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difficult to understand that is caused by hydration of cement. However, substantial weight loss after 

600ºC can be found due to the decomposition of calcium carbonate that generated from the 

carbonation of calcium hydroxide(CH). In contrast, cement paste curing at 100%RH (water bath) is 

much lower calcium carbonate than RH-controlled atmosphere curing, and an evident 

decomposition of calcium hydroxide can be seen at around 400 ºC. 

 

 

 

 

 a. Cement powder without curing  

   

b. Curing at 20ºC-23%RH c. Curing at 20ºC-43%RH d. Curing at 20ºC-59%RH 

   

e. Curing at 20ºC-85%RH f. Curing at 20ºC-95%RH g. Curing at 20ºC-98%RH 

Figure 3.4 Weight loss curve of TG at various relative humidity of 20ºC 
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a. Curing at 10ºC-100%RH b. Curing at 20ºC-100%RH c. Curing at 40ºC-100%RH 

Figure 3.5 Weight loss curve of TG at various temperature of 100%RH 

3.3.2 Proposal of temperature-humidity influenced equivalent age function 

Fig. 3.6 shows the calculated hydration degree through Eq. (3.9) and Eq. (3.10) and the 

corresponding approximate curves at various temperature and relative humidity. Shown as Fig. 3.6a, 

the water bath curing shows a significantly higher level of early-age hydration than the samples 

cured at unsaturated conditions of relative humidity. With the increase of relative humidity, the 

hydration degree of cement increases with time at a feasible hydration environment. The hydration 

degree of 95%RH and 98%RH at 3d curing age is significantly higher than other unsaturated relative 

humidity. Even though studies have shown that the hydration rate of cement is meager when the 

humidity is lower than 80%RH, it can be seen from Fig. 3.6a that the hydration degree of 1d and 3d 

under 85%RH curing is not very different from that of 23%RH, 43%RH and 59%RH, which 

indicates that the hydration rate is still very slow when the curing humidity is slightly higher than 

80%. Due to continuous hydration of cement, the difference in hydration degree between 85%RH 

and 23%RH, 43%RH and 59%RH becomes evident at the curing ages of 7d and 28d. Besides, 

regardless of curing age, the samples with curing humidity of 23%RH, 43%RH and 59%RH have a 

very low degree of hydration, which are lower than 0.045(59%RH at 28 days). For the hydration 

degree of cement at different temperatures of 100%RH, Fig. 3.6b shows that the hydration degree 

is faster at higher temperature. 

    Based on the relationship of cement hydration degree 𝑡 with time in Fig. 3.6, the hydration 

rate 
𝑡
 of cement under different temperature and relative humidity can be obtained by Eq. (3.2). 

The relationship between hydration rate and hydration degree of cement under different temperature 

and relative humidity is shown as the color curves in Fig. 3.7. The red dashed curve is the best fit 

curve based on Eq. (3.5) for the corresponding hydration rate versus hydration degree curves of 

each curing conditions. The purpose of function fitting is to obtain values of rate constant k under 

different temperature and relative humidity conditions. Therefore, the coefficient m value is fixed 
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here as the best fitting value under the condition of 20ºC-100%RH. Consequently, the fitting results 

are concluded in Table 3.1.  

Furthermore, different mineral components of cement, such as C2S, C3S, and C3A, have 

different reaction rates[17,18]. The reaction rate of C3S and C3A is much quicker than C2S and C4AF, 

so that the hydration of C3S and C3A reaches a steady state much earlier than C2S and C4AF. Most 

of C3A and C3S have reacted in the first 1000 hours[18]. Due to different types of cement such as 

high-early strength cement and low heat cement have different content of mineral components, 

which will lead to different trends in reaction rates. Therefore, the above results of this study can 

only be applied to ordinary Portland cement or the cement with the same mineral composition. 
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a. Hydration degree at various relative humidity of 20ºC 

 

b. Hydration degree at various temperature of 100%RH 

Figure 3.5 Hydration degree at various temperature and relative humidity 
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a. Hydration rate versus hydration degree at various relative humidity of 20ºC 

 

b. Hydration rate versus hydration degree at various temperature of 100%RH 

Figure 3.6 Hydration rate versus hydration degree at various temperature and relative humidity 
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Table 3.1 Results of rate constant 𝑘𝑇,𝑅𝐻  

Condition 

20ºC 

23%RH 

20ºC 

43%RH 

20ºC 

59%RH 

20ºC 

85%RH 

20ºC 

95%RH 

20ºC 

98%RH 

20ºC 

100%RH 

10 ºC 

100% RH 

40 ºC 

100%RH 

𝑘𝑇,𝑅𝐻 0.0007 0.001 0.0013 0.0051 0.0184 0.0620 0.3525 0.1921 0.8579 

m 5.8036 

𝑘𝑇,𝑅𝐻 

𝑘𝑇𝑟,𝑅𝐻𝑟  
 0.0020 0.0028 0.0037 0.0145 0.0522 0.1759 1 0.5450 2.4338 

 

Generally, the temperature effect on the rate constant of chemical reaction is expressed through 

Arrhenius function by discussing the variation of apparent activation energy 𝐸 to achieve the rate 

constant of different conditions. Nevertheless, such a method was simplified by Tank and Carino 

[19,20] who suggested an exponential form rate constant function can also well expressed the rate 

constant of different conditions. Which is shown as  

𝑘𝑇 = 𝐴𝑒
𝐵𝑇                                                                (3.11) 

Where,  

A is an experimental constant in day−1; 

B is the temperature sensitivity factor in 1/°C;  

T is the temperature of concrete.  

    By referring the rate constant equation of Eq. (3.11), the rate constant dominated by both 

temperature(T) and relative humidity(RH) in this study is written as the following exponential form 

function. 

 𝑘𝑇,𝑅𝐻 = 𝐴1𝑒
𝐵1𝑇 ∙   𝐴2𝑒

𝐵2𝑅𝐻                                              (3.12) 

Where, 

𝐴1, 𝐴2 are two constants in day−1, 

𝐵2 is the temperature sensitivity factor in 1/°C; 

𝐵2 is the relative humidity sensitivity factor in 1/RH. 

T and RH are the temperature and relative humidity of concrete.  

    It should be noted that the proposal of Eq. (3.12) is not only verified by comparing different 

fitting forms of empirical equations, but also based on the previous research results and model code, 

references [21-23] utilized the same multiplicative form to express the interaction relationship 

between temperature and relative humidity and adopted into equivalent age function. 
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 Base on Eq. (3.12), the relative rate constant to a reference temperature(𝑇𝑟 ) and relative 

humidity(𝑅𝐻𝑟) can be expressed as follows and the calculation through the fitting results are also 

shown within Table 3.1. 

 
𝑘𝑇,𝑅𝐻 

𝑘𝑇𝑟,𝑅𝐻𝑟  
= 𝑒𝐵1(𝑇−𝑇𝑟) ∙ 𝑒𝐵2(𝑅𝐻−𝑅𝐻𝑟)                       (3.13) 

    Thus, the constants 𝐵𝑇  and 𝐵𝑅𝐻  may obtained from the regression analysis of 
𝑘𝑇,𝑅𝐻 

𝑘𝑇𝑟,𝑅𝐻𝑟  
 

versus the curing temperature and relative humidity, the fitting results are shown in Fig. 3.7. 

Regression results of 𝐵1 = 0.0447 and 𝐵2 = 0.8484 are obtained. Accordingly, by introducing 

𝐵1 and 𝐵2 into Eq. (3.13) and Eq. (3.8), the temperature and relative humidity effected equivalent 

age function can be expressed as   

𝑡𝑒𝑇,𝑅𝐻 = ∑𝑒
0.0447(𝑇−20) ∙ 𝑒0.8484(𝑅𝐻−100) ∙ ∆𝑡                (3.14) 

 

3.4 Conclusion  

Based on the hydration degree of cement powder at different temperature and relative humidity, 

the hydration rate was calculated. Then the relationship between hydration degree and hydration 

rate can be illustrated. A hydration model was applied to obtain the rate constant at different relative 

humidity and temperature by regression analysis with the experiment result. Taking 20ºC-100%RH 

as the standard condition, the change of rate constant under different temperature and humidity can 

be expressed by an exponential function, then the equivalent age equation under the action of 

temperature and humidity can be obtained. Based on the research, the following aspects can be 

concluded. 

1. The hydration reaction of cement powder is visible under the curing condition of more than 

80%RH by the experimental results. 

2. The hydration model can describe the nonlinear relationship between hydration degree and 

hydration rate under different temperature and relative humidity. 

3. The proposed exponential function can well fit the value of rate constant under different 

temperature and relative humidity, and then the modified equivalent age function can be 

proposed based on it. 
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a. Relative rate constant at various relative humidity 

 

b. Relative rate constant of various temperature 

Figure. 3.7 Fitting results of relative rate constant at various temperature and relative humidity 
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Chapter 4 Strength prediction for cement mortar curing at 

different temperature and relative humidity 
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4.1 Theorical introduction  

4.1.1 Strength prediction model 

In the prediction and prediction of concrete strength development, many models are being 

applied to reflect the relationship between strength development and time. As described in chapter 

2, the prediction of strength development under different conditions is basically based on the 

equivalent age of concrete under standard curing conditions. As a factor to evaluate the maturity of 

concrete, the equivalent age function is generally established as a function of temperature. Therefore, 

the research content of this chapter is based on the equivalent age function under the influence of 

temperature and relative humidity proposed in the previous chapter to evaluate the strength 

development of cement mortar under different curing conditions. The fib Model Code for Concrete 

Structures 2010 (fib MC 2010)[1] is used for the strength prediction model. 

fib MC 2010 

As described by fib MC 2010 [1], the relevant compressive strength of concrete at various ages 

𝑓𝑐𝑚(𝑡) could be estimated from: 

𝑓𝑐𝑚(𝑡) = 𝛽𝑐𝑐(𝑡) ∙ 𝑓𝑐𝑚28                                                         (4.1) 

with: 

                𝛽𝑐𝑐(𝑡) = exp {𝑠 ∙ [1 − (
28

𝑡𝑒
)
0.5
]}                                              (4.2) 

where,  

𝑓𝑐𝑚(𝑡) is the mean compressive strength in MPa at the age of 𝑡 days;  

𝑓𝑐𝑚28 is the mean tested compressive strength of concrete at the age of 28 days; 𝑠 is a coefficient 

depending on the strength class of cement. 

Coefficient s is given by ranging from 0.20 to 0.38 [1]. As per the Ministry of Land, 

Infrastructure, Transport and Tourism of Japan [2], where used the same model as above, has given 

the factor 𝑠 as 0.31 when ordinary Portland cement (OPC) is used as the cementitious material. 

It is noticed that the 𝑓𝑐𝑚28  in Eq. (4.1) represents the 28-days compressive strength of 

concretes/mortars under a reference temperature (20ºC) and reference relative humidity of 100%, 

which is calculated based on the experimental result of 28-days at 18ºC and 100%RH. 

By substituting the equivalent age function under the influence of temperature and humidity, 

Eq. 3.14, to calculate the development of concrete strength. The above strength prediction can be 

concluded as 



46 
 

{
 
 

 
 
𝑓𝑐𝑚(𝑡) = exp {𝑠 ∙ [1 − (

28

𝑡𝑒𝑇,𝑅𝐻 
)

0.5

]} ∙ 𝑓𝑐𝑚28 

𝑡𝑒𝑇,𝑅𝐻 =∑𝑒0.0447(𝑇−20) ∙ 𝑒0.8484(𝑅𝐻−100) ∙ ∆𝑡

                            (4.3) 

where, 

𝑓𝑐𝑚(𝑡) is the mean compressive strength in MPa at the age of 𝑡 days;  

𝑓𝑐𝑚28 is the mean tested compressive strength of concrete at the age of 28 days;  

𝑠 is a coefficient depending on the strength class of cement, s=0.31; 

𝑡𝑒𝑇,𝑅𝐻  is the equivalent age effected by temperature and relative humidity; 

𝑇, 𝑅𝐻 are the temperature and relative humidity at time interval ∆𝑡. 

    In this study, the temperature/relative humidity influenced equivalent age function is obtained 

by analysing the reaction rate of cement hydration. In this chapter, it is utilized to calculate the 

strength development. During this process, an assumption that hydration reaction and strength 

developed into a linear rule was applied. 

4.1.2 Relative humidity change inside cement mortar 

The verification procedure of the proposed humidity modified equivalent age function for 

testing position inside concrete is carried out based on the compressive strength of three size 

specimens curing at each temperature and relative humidity. The relative humidity distribution with 

time of each position from the side surface to the core is simulated by the moisture diffusion model. 

For the cylinder specimens, the relative humidity of the central cross-section is simulated by a one-

dimensional diffusion model. For the tube specimens, the humidity change of the central cross-

section can be carried out by the two-dimensional diffusion model. 

Moisture diffusion model 

After removing the formwork of concrete in the early days, concrete directly exposed to the 

air. Water movement inside the concrete occurs due to moisture diffusion by the drying of the surface. 

At present, Fick’s law is generally used to describe the water diffusion of concrete under drying 

conditions.  

The water change inside concrete can be divided into two parts – moisture diffusion and self-

desiccation, which can be expressed as follows [1,3-5]. 

𝜕𝐻

𝜕𝑡
=
𝜕𝐻𝑑
𝜕𝑡

+
𝜕𝐻𝑠
𝜕𝑡

                                                              (4.4) 

Where,  

𝜕𝐻

𝜕𝑡
 is the total variation rate of relative humidity inside concrete; 
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𝜕𝐻𝑑

𝜕𝑡
 is the variation rate of relative humidity due to moisture diffusion; 

𝜕𝐻𝑠

𝜕𝑡
 is the variation rate of relative humidity due to self-desiccation.  

The one-dimensional moisture diffusion phenomenon is generally described by Fick’s second 

law, which describes the variation in concentration of an element with time and location. Bazant [3] 

took the relative humidity of concrete as the essential variable and used the diffusion equation to 

describe the change of relative humidity of concrete in the drying process. Therefore, the relative 

humidity change inside concrete due to moisture diffusion can be expressed as 

For one-dimensional diffusion 

𝜕𝐻𝑑

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷(𝐻)

𝜕𝐻

𝜕𝑥
)                                                         (4.5) 

For two-dimensional diffusion 

𝜕𝐻𝑑

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷(𝐻)

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷(𝐻)

𝜕𝐻

𝜕𝑦
)                  (4.6) 

Where,  

𝐷(𝐻) is the moisture diffusion coefficient, m2/s; 

𝜕𝐻

𝜕𝑥
 is the gradient in relative humidity inside concrete of x dimension, m-1;  

𝜕𝐻

𝜕𝑦
 is the gradient in relative humidity inside concrete of y dimension, m-1. 

The moisture diffusion coefficient 𝐷(𝐻)  will be influenced by various conditions such as 

temperature, composition of concrete, proportion of concrete (especially water-cement ratio), 

hydration degree and so on. At an isothermal condition, the diffusion coefficient can be expressed 

as a function of the relative humidity inside concrete with a value range of 0<H<1.  

𝐷(𝐻) = 𝐷1 [𝛼 +
1 − 𝛼

1 + [(1 − 𝐻)/(1 − 𝐻𝐶)]𝑛
]                                 (4.7) 

Where,  

𝐷1 is the maximum of 𝐷(𝐻) in m2/s for H21; 

𝐷0 is the minimum of 𝐷(𝐻) in m2/s for H20; 

𝛼 is the ratio of initial state 𝐷0 to 𝐷1, 𝛼 = 𝐷0 𝐷1⁄ ; 

𝐻𝐶 is the relative humidity inside concrete at 𝐷(𝐻) = 0.5𝐷1; 

𝑛 is an exponent; 
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𝐻 is the relative humidity inside concrete. 

Up till now, Eq. (4.7) is the most widely used function to calculate the diffusion coefficient 

with relative humidity of drying concrete. fib model code 2010[1] gives the recommended value of 

each value with 𝛼 =  0.05, 𝐻𝐶 = 0.8, 𝑛 = 15. In this study, the value of 𝐷1 is determined by 

referring to the calculation of fib model code 2010 through the compressive strength and order of 

magnitudes of E-4 is applied for the mortar specimens. It is noted that previous studies have shown 

that the magnitude of 𝐷(𝐻) and 𝐷1 ranges widely, often from E-10 to E-4. The input parameters 

𝐷1 in this chapter are taken by referring fib model code 2010 as for each size specimens.  

In addition to the diffusion equation, suitable boundary conditions are needed to solve the 

moisture change in concrete numerically. Two kinds of boundary conditions are usually used to 

calculate the drying process of concrete -- the Dirichlet boundary condition and the third boundary 

condition. The Dirichlet boundary condition can be expressed as 

𝐻𝑠𝑢𝑟 = 𝐻𝑒                                                          (4.8.1) 

Where,  

𝐻𝑠𝑢𝑟 is the relative humidity of the exposed surface of concrete;       

𝐻𝑒 is the environmental relative humidity. 

The expression of the third boundary condition is shown as 

−𝐷(𝐻)
𝜕𝐻

𝜕𝑥
= 𝑓(𝐻𝑠𝑢𝑟 −𝐻𝑒)                                          (4.8.2) 

Where,  

𝑓 is the surface factor.  

Bazant [3] dealt with this problem by assuming an additional thickness to the specimen (that 

is, the equivalent surface thickness). Comparing analytical results with experimental ones, Bazant 

and Najjar reported that the value of the equivalent surface thickness is 0.75 mm. The experiment 

in this chapter is performed in the curing room with a constant curing condition, relative stable 

boundary condition can be measured by setting a temperature/relative humidity sensor on the 

surface of concrete, therefore, the boundary condition applied in the numerical calculation is taken 

as the measured relative humidity at the stable state. 

4.1.3 Numerical analysis 

    As a general solution method, finite difference method (FDM) is usually used to solve linear 

or nonlinear differential equations of engineering problems. It has the advantages of simple formula, 
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flexible geometry operation, easy learning and application. The basic principle of finite difference 

method can be included as: to approximate the differential equations and definite solution conditions 

of continuous variables by using the difference equations with a finite number of unknowns after 

discretization. The operation steps of the finite difference method to solve partial differential 

equations can be summarized as follows.  

a) Determine the basic equations and definite solutions problems; 

b) Discretize the continuous solution region into finite grids; 

c) Reply the continuous variable function of the solution domain by the discrete variable function 

on the grid node; 

d) Determine the difference scheme of the difference method. 

e) Solve the differential equation. 

 

⚫ One-dimensional diffusion problem 

 

Figure 4.1 The finite difference mesh squares with FTCS scheme of 1D-moisture diffusion 

equation 

On account of the dominant equation of one-dimensional diffusion problem is a second-order 

nonlinear partial differential equation, this study utilizes the difference scheme of “Forward 

difference in time, central difference in space (FTCS)” to solve the current problem. Assuming that 

on a grid of 𝑖 × 𝑗, which divided by 𝑖 steps in the time domain and 𝑗 steps in the space domain, 
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the corresponding scheme of FTCS can be summarized within Fig. 4.1. At step 𝑖, the unknow node 

𝐻𝑗
𝑖+1 can be calculated from nodes 𝐻𝑗−1

𝑖 , 𝐻𝑗
𝑖 and 𝐻𝑗+1

𝑖 . 

    Discretize the moisture diffusion equation of Eq. (4.5) by FTCS method, the following 

differential form of the first and second-order nonlinear partial differential equations of diffusion 

function can be obtained. 

𝜕𝐻

𝜕𝑡
=
𝐻𝑗
𝑖+1 −𝐻𝑗

𝑖

∆𝑡
                                                               (4.9) 

𝜕

𝜕𝑥
(𝐷(𝐻)

𝜕𝐻

𝜕𝑥
) =

𝐷(𝐻
𝑗+
1
2

𝑖 )(𝐻𝑗+1
𝑖 −𝐻𝑗

𝑖) − 𝐷 (𝐻
𝑗−
1
2

𝑖 )(𝐻𝑗
𝑖 −𝐻𝑗−1

𝑖 )

∆𝑥2
                 (4.10) 

Where,  

𝐻𝑗
𝑖 represents the relative humidity at node (𝑖, 𝑗), and so on; 

∆𝑡 is the step length in time; 

∆𝑥 is the step length in space; 

    The 𝐻
𝑗+

1

2

𝑖  and 𝐻
𝑗−

1

2

𝑖  in Eq. (4.10) can be expressed as 

𝐻
𝑗+
1
2

𝑖 =
𝐻𝑗
𝑖 +𝐻𝑗+1

𝑖

2
                                                             (4.11) 

𝐻
𝑗−
1
2

𝑖 =
𝐻𝑗
𝑖 +𝐻𝑗−1

𝑖

2
                                                              (4.12) 

To sum up, the difference equation of 1D-moisture diffusion function can be expressed as Eq. 

(4.13). 

𝐻𝑗
𝑖+1 = 𝐻𝑗

𝑖 +
∆𝑡

∆𝑥2
[𝐷 (𝐻

𝑗+
1
2

𝑖 ) (𝐻𝑗+1
𝑖 −𝐻𝑗

𝑖) − 𝐷 (𝐻
𝑗−
1
2

𝑖 )(𝐻𝑗
𝑖 − 𝐻𝑗−1

𝑖 )]      (4.13) 

 

⚫ Two-dimensional diffusion problem 

Similar to the one-dimensional diffusion problem, the two-dimensional diffusion problem is 

also a second-order nonlinear partial differential equation with two variable parameters (x and y). 

The difference scheme of “Forward difference in time, central difference in space (FTCS)” is also 

suitable to solve two-dimensional diffusion problem. Assuming that on a grid of 𝑖 × 𝑗 , which 

divided by 𝑖 steps in the time domain and 𝑗𝑥 , 𝑗𝑦 steps of the x, y dimension in the space domain, 

the corresponding scheme of FTCS can be summarized within Fig. 4.2. At step 𝑖, the unknow node 

𝐻𝑗𝑥,𝑗𝑦
𝑖+1  can be calculated from nodes 𝐻𝑗𝑥−1,𝑗𝑦

𝑖 , 𝐻𝑗𝑥,𝑗𝑦−1
𝑖 , 𝐻𝑗𝑥,𝑗𝑦

𝑖 , 𝐻𝑗𝑥+1,𝑗𝑦
𝑖  and 𝐻𝑗𝑥,𝑗𝑦+1

𝑖 . 
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Figure 4.2 The finite difference mesh squares with FTCS scheme of 2D-moisture diffusion 

equation 

 

Discretize the 2D-moisture diffusion equation of Eq. (4.6) by FTCS method, the following 

differential form of the right side of the equation can be obtained. 

𝜕

𝜕𝑥
(𝐷(𝐻)

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷(𝐻)

𝜕𝐻

𝜕𝑦
)

=

𝐷 (𝐻
𝑗𝑥+

1
2
, 𝑗𝑦

𝑖 ) (𝐻𝑗𝑥+1, 𝑗𝑦
𝑖 − 𝐻𝑗𝑥, 𝑗𝑦

𝑖 ) − 𝐷 (𝐻
𝑗𝑥−

1
2
,𝑗𝑦

𝑖 )(𝐻𝑗𝑥, 𝑗𝑦
𝑖 − 𝐻𝑗𝑥−1, 𝑗𝑦

𝑖 )

∆𝑥2

+

𝐷(𝐻
𝑗𝑥,𝑗𝑦+

1
2

𝑖 ) (𝐻𝑗𝑥, 𝑗𝑦+1
𝑖 −𝐻𝑗𝑥, 𝑗𝑦

𝑖 ) − 𝐷 (𝐻
𝑗𝑥,𝑗𝑦−

1
2

𝑖 )(𝐻𝑗𝑥, 𝑗𝑦
𝑖 −𝐻𝑗𝑥, 𝑗𝑦−1

𝑖 )

∆𝑦2
               （4.14） 

Where,  

𝐻𝑗
𝑖 represents the relative humidity at node (𝑖, 𝑗), and so on; 

∆𝑡 is the step length in time; 

∆𝑥 and ∆𝑦 are the step length of x and y dimension in space; 

The 𝐻
𝑗𝑥+

1

2
, 𝑗𝑦

𝑖 , 𝐻
𝑗𝑥−

1

2
,𝑗𝑦

𝑖 , 𝐻
𝑗𝑥,𝑗𝑦+

1

2

𝑖  and 𝐻
𝑗𝑥,𝑗𝑦−

1

2

𝑖   in Eq. (4.14) can be calculated by referring Eq. 

(4.11) and Eq. (4.12), similar expression can be inferred. To sum up, the difference equation of 2D-

moisture diffusion function can be expressed as the following equation. 
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𝐻𝑗𝑥, 𝑗𝑦
𝑖+1 = 𝐻𝑗𝑥, 𝑗𝑦

𝑖 + ∆𝑡 [

𝐷 (𝐻
𝑗𝑥+

1
2
, 𝑗𝑦

𝑖 ) (𝐻𝑗𝑥+1, 𝑗𝑦
𝑖 −𝐻𝑗𝑥, 𝑗𝑦

𝑖 ) − 𝐷 (𝐻
𝑗𝑥−

1
2
,𝑗𝑦

𝑖 ) (𝐻𝑗𝑥, 𝑗𝑦
𝑖 −𝐻𝑗𝑥−1, 𝑗𝑦

𝑖 )

∆𝑥2

+

𝐷 (𝐻
𝑗𝑥,𝑗𝑦+

1
2

𝑖 ) (𝐻𝑗𝑥, 𝑗𝑦+1
𝑖 − 𝐻𝑗𝑥, 𝑗𝑦

𝑖 ) − 𝐷 (𝐻
𝑗𝑥,𝑗𝑦−

1
2

𝑖 ) (𝐻𝑗𝑥, 𝑗𝑦
𝑖 − 𝐻𝑗𝑥, 𝑗𝑦−1

𝑖 )

∆𝑦2
]         (4.15) 

It should be noted that diffusion models to simulate the development of moisture in concrete 

are only a means of digitizing the phenomenon. The results of the mathematical model will be close 

to but not quite equal to the actual situation. Because of the irregular porous structure inside the 

concrete, the development of relative humidity inside the concrete will show differential 

development rules. This also leads to a certain deviation between the development of internal 

humidity obtained by mathematical model simulation and the actual situation. These deviations are 

inevitable and are often ignored in the simulation.  

The diffusion coefficient is influenced by several factors, such as temperature, relative 

humidity, concrete internal structure, surface situation or other extral factors[6-8]. As for the aspect 

of concrete, the key factors are represented by the effects of moisture and temperature. The effect 

of moisture content on the moisture diffusion coefficient was investigated thoroughly in the past 

and it was shown that the moisture diffusion coefficient is significantly dependent on moisture 

content[9,10]. Therefore, modern computational tools need to involve the effect of moisture content 

on the moisture diffusion coefficient in order to produce satisfactory results.  

In this study, referring to fib Model Code 2010, the diffusion coefficient 𝐷(𝐻) is calculated 

as Eq. (4.7) with the consideration of relative humidity. The involved parameter 𝐷1 is determined 

through the compressive strength of the mortar specimens instead of considering the effect of 

temperature on it. The research related to parameter 𝐷1 shows that it is dependent on temperature 

and shows an increased tendency with the increasing temperature[11,12]. In contrast, the determine 

method of 𝐷1 in fib Model Code 2010 neglected the temperature effect on the diffusion, which will 

lead to a higher estimation of moisture content. Such a result should be noticed when preforming 

the following procedure of evaluating the equivalent age and strength development.  
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4.2 Experimental investigation 

4.2.1 Materials  

A series of cement mortars under different curing conditions were tested in this study, in which 

the chemical composition of used OPC and the properties of cement and river sands are listed in 

Table 4.1 and Table 4.2. All materials were provided by local companies. 

 

Table 4.1 Chemical composition of cement (% by mass). 

 C3S C2S C3A  C4AF MgO SO3 Cl- Na2O LOI 

Cement  56 18 9 9 1.41 2.10 0.015 0.50 2.26 

 

Table 4.2 Properties of cement and sand 

Ordinary Portland Cement (OPC)  Sand 

Density (g/cm3) 1.41  Absolutely density (g/cm3) 2.54 

Specific surface area (cm2/g) 3340  Surface dry density (g/cm3) 2.59 

Initial setting time (min) 135  Absorption (%) 2.03 

Final setting time (min) 200  Fineness modulus 2.65 

4.2.2 Mix preparation of specimens  

The water-cement ratio of the tested mortars was 0.50, while the unit weight of cement was 

564.6 kg/m3. The detail of the mix proportion is shown in Table 4.3. Three types of mortar specimens 

with different dimensions were used, including cubic specimens (1cm×1cm×1cm) and two kinds of 

cylindrical specimens (diameter×height: ø5cm×10cm and ø10cm×20cm) (see Fig. 4.3), to study the 

effect of relative humidity on the development of the compressive strength of the cement mortars. 

Each branch of specimens was cured under the same chamber with a constant temperature and 

relative humidity. Three levels of temperature (10ºC, 18ºC and 40ºC) and four different relative 

humidity (70%, 80%, 90% and 100%) were designed in this study. Water bath curing was used for 

specimens under 100% RH. According to the test standard JIS A1108 [13], the mean measured 

values of compressive strength of each mortar was used for the study obtained by the measured 

values of three corresponding specimens. The specimens with different temperature and relative 

humidity were named as Tx-RHy meaning that the specimen was cured under x ºC of temperature 

and y% of relative humidity. 
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4.2.3 Test method  

To obtain high accuracy test results of specimens with different sizes, two different 

compressive strength testing machines with different maximum load capacity (AGS-X-5KN and 

CCH-3000KN) were used, as shown in Fig. 4.3. Moreover, in order to reflect the effect of curing 

temperature and relative humidity on the specimens at a very early age, all specimens were directly 

moved to their corresponding curing chambers after casting. Demolding of the specimens was 

performed after 12-15 hours after casting depending on the degree of hardening of the specimens. 

Subsequently, all specimens were absolutely exposed and maintained in designed temperature and 

relative humidity environment up to their designed curing time.  

  

 

Figure 4.3 Compressive strength testing machines and corresponding specimens sizes 

Table 4.3 Mix proportion 

W/C 
Unit Weight (kg/m3) 

Water Cement Sand 

0.5 282.3 564.6 1552.7 
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4.3 Test results and Discussion 

4.3.1 Compressive strength of each curing temperature and relative humidity  

It was well known that environmental temperature has a noteworthy influence on the 

development of compressive strength of concrete/mortar. In this research, all mortar specimens were 

placed directly to the corresponding curing environment after their casting. Table 4.4 lists the whole 

compressive strength results for the specimens with different temperature, relative humidity, and 

specimen size. As shown in Fig. 4.4, when curing temperature varies from 10°C to 40°C, the 

compressive strengths of the cement mortars at low temperature are obviously lower than that at 

high temperatures, especially when they are under a low relative humidity. For example, the 

compressive strength of mortars under 70% relative humidity and 10 °C of temperature were 

significantly lower than the levels of other specimens, regardless of their curing age. The difference 

of compressive strength of the mortars caused by curing temperature increased as curing age, as 

shown in Fig. 4.4. The 28-days compressive strength of the mortars at 18 °C of temperature was 

close to or higher than the one at 40 °C under the same relative humidity. This is explained by the 

“crossover effect” which illustrates that a higher temperature at an early age can result in concretes 

present a higher initial strength and lower long-term strength[14]. Based on the results of the present 

study, this “cross” behavior is also applicable to concretes under different relative humidity. 

 

Figure 4.4 Compressive strengths of ø5cm cylindrical specimens as curing age 
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Table 4.4 Experimental compressive strength 

Size 
T 

(ºC) 

Relative 

humidity 

(%) 

Compressive strength (MPa) 

1 day 3 days 7 days 28 days 

1 cm3 

10 

70 2.90  4.04  5.20  6.81  

80 3.27  5.72  6.50  8.96  

90 3.35  5.99  9.89  15.03  

100 3.91  13.61  21.34  30.06  

18 

70 9.35  17.42  18.10  21.45  

80 10.35  18.55  22.88  28.88  

90 10.63  19.66  27.26  33.00  

100 11.05  22.78  29.25  40.26  

40 

70 16.19  20.81  21.34  22.87  

80 17.57  22.20  25.16  29.11  

90 17.58  24.13  26.97  32.23  

100 19.66  27.81  32.81  39.97  

ø5×10cm 

10 

70 1.44  8.14  9.67  10.17  

80 2.14  9.58  12.45  12.80  

90 2.51  10.88  13.76  17.18  

100 3.00  13.05  22.61  34.88  

18 

70 6.08  15.87  20.32  24.54  

80 6.91  17.44  24.26  29.70  

90 7.28  18.35  27.38  33.20  

100 7.92  21.48  31.30  40.96  

40 

70 15.79  20.01  21.81  23.72  

80 16.10  21.37  27.39  30.11  

90 16.68  23.49  29.47  33.77  

100 17.95  27.63  32.99  40.44  

Ø10×20cm 

10 

70 1.72  8.11  14.78  18.18  

80 2.54  8.68  15.88  20.76  

90 3.23  9.13  16.88  23.37  

100 3.55  13.40  22.44  34.51  

18 

70 5.25  15.51  24.26  29.79  

80 6.32  16.11  26.08  32.91  

90 6.32  18.02  27.63  34.79  

100 7.72  19.87  29.01  40.86  

40 

70 12.49  18.95  24.53  25.57  

80 13.69  20.05  27.41  31.74  

90 14.38  22.14  29.07  33.97  

100 16.81  27.38  32.90  40.17  
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a. curing at 10 °C 

 

b. curing at 18 °C 

 

c. curing at 40 °C 

Figure 4.5 Compressive strength of ø5cm cylindrical specimens with RH 
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Fig. 4.5 shows the development of compressive strength of ø5cm specimens with different 

relative humidity under different temperature and with various curing ages. Results show that 

relative humidity has a significant effect on the development of compressive strength of the mortars 

regardless of the level of curing temperature. In an unsaturated relative humidity state, as shown in 

Fig. 4.5 the evaporation of water inside mortar occurred when the ambient relative humidity was 

lower than 100%. The mortars presented a low compressive strength when it was under a low 

relative humidity, especially at the later age of curing. This is attributed to that more and more 

moistures were transferred from the surface of mortars to the air as time goes on, which had been 

similarly reported by other researchers [15-17]. 

 

Figure 4.6 Compressive strength development of specimens under various curing conditions 

Fig. 4.6 shows the test results of different size specimens at various relative humidity and 

curing ages. At the early age of 1 day and 3 days, the compressive strengths of large-size mortars 

were lower than those of small-size specimens. At the ages of 7 days and 28 days, however, the 

compressive strengths of ø10cm mortar specimens were slightly higher than others’, except for 

Specimen T18-RH100 at 7 days of curing that may cause by tested problems. Under the same curing 

condition, the rate of water consumption of mortars caused by the inside cement hydration activity 

should be the same regardless of the size of specimens. However, the moisture evaporation from the 

surface of specimens led to a decrease of the relative humidity inside the mortar. The affected depth 

should be the same for the specimens with the same size. In theory, the impact of curing relative 
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humidity on moisture loss as well as on mortar compressive strength should decrease as the distance 

from the center to the mortar surface. Fig. 4.7 shows a schematic of the internal humidity distribution 

of ø5cm and ø10cm specimens after a period of moisture evaporation. In this state, the section on 

the right of each diagram shows the humidity distribution of the section. Here, the internal humidity 

is divided into two parts, hydratable zone (RH＞80%) and non-hydratable zone (RH＜80%). After 

a period of exposure, the moisture on the periphery of the specimen evaporates and the humidity 

drops below 80%. According to the minimum humidity required for cement hydration, the cement 

will no longer hydrate. At the same time, the cement with more than 80%RH (hydratable zone) is 

able to continuously hydrated. The compressive strength of ø10cm should be higher than ø5cm 

according to the proportion of the hydratable zone of the section.  

 

Figure 4.7 Internal moisture distribution and main surface evaporation zones of mortars  

 

4.3.2 Simulation of relative humidity distribution 

After the simulation, the internal relative humidity distribution at 18ºC of cross-section of each 

size specimens are shown from Fig. 4.8 to Fig. 4.10. Since similar relative humidity distribution 

trends can be found at different temperatures, the only curing condition of each specimen size was 

carried out when curing at 18 °C. Figure 4.8a, b and c respectively shows the change of cross-section 

humidity of specimens with the size of 1cm3  under curing humidity of 70%RH, 80%RH, and 

90%RH. With the curing time goes on, the relative humidity content of the cross-section gradually 

decreases due to the moisture evaporation. For each size specimen, relative humidity at the edge of 

the cross-section is close to the environmental humidity, this is due to the setting of boundary 

conditions of the simulation. Since a shallow depth that affected by humidity of the specimens of 
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1cm3 , the environmental humidity will soon affect the central position of the section, so the 

humidity at the central position of the section will gradually decrease with the passage of curing 

ages, see in Fig. 4.8. Moreover, the internal relative humidity distribution of specimens with 

different cross-section shapes is different, which is mainly determined by different simulation 

methods based on different moisture diffusion system. Therefore, non-uniform relative humidity 

distribution is found between the corner position and the central position on a cubic cross-

section(1cm3  specimen), contrastively, which is more uniform distribution on a circular cross-

section (Ø5cm and Ø10cm specimen). By comparing the cross-section relative humidity of the 

specimen with different sizes, the same curing temperature and relative humidity in Fig. 4.8 to Fig. 

4.10, it is evidence that different ambient relative humidity has different effects on specimens of 

different sizes. The specimens with large cross-sectional areas are less affected by the ambient 

relative humidity, which leads to a high relative humidity content on the cross-section of the bigger 

size specimen. 
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a. Curing at 18ºC-70%RH  

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at18ºC-90%RH 

Figure 4.8 Relative humidity distribution of specimen size 1cm3 (in %RH) 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.9 Relative humidity distribution of specimen size Ø5cm (in %RH) 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.10 Relative humidity distribution of specimen size Ø10cm (in %RH) 
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4.3.3 Distribution of equivalent age  

Correspondingly, based on the relative humidity distribution on the cross-section of each curing 

condition and specimen size, the equivalent age distribution can be calculated through the proposed 

equivalent age function Eq. (3.13) that considered the influence of both temperature and relative 

humidity. First of all, under the condition of 18ºC-100%RH, the corresponding equivalent ages of 

1,3,7 and 28 days are predicted according to Eq. (3.13) as the results of 0.91, 2.73, 6.37 and 25.48 

days, respectively. The predicted equivalent ages under saturated humidity(100%RH) are expected 

to be used for comparative analysis of the maturity distribution of each cross-section at unsaturated 

humidity(70%RH, 80%RH and 90%RH) with different specimens sizes.  

Fig.4.11 to Fig.4.13 shows the equivalent age distribution on the cross-section of each size 

specimen curing at 18ºC and different curing relative humidity. In Figure 4.11, the equivalent age 

distribution of 1cm3 size specimens are shown. When the curing age is 1day, the equivalent age 

distribution of section under different curing conditions is relatively uniform with a large area in the 

center part that is equal to the equivalent age of 0.91day under 100%RH curing. At a low curing 

relative humidity of 70%(see Figure 4.11a), the gradient distribution of equivalent age caused by 

curing relative humidity becomes evident from the 3rd day of curing, which is mainly reflected in 

the span of the equivalent age at the edge to the center from less than one day to several days. This 

is because the relative humidity at the edge is close to the ambient humidity. When the relative 

humidity is lower than 80%RH, the hydration reaction stops happening, so the equivalent age at the 

edge will not continue to increase. However, there is sufficient moisture in the center for hydration 

to promote an increase in the equivalent age. The gradual loss of moisture with time leads to the 

relative humidity decrease of the central part, results in the growth speed of the equivalent age 

gradually slows down. This also results in the equivalent age of central area just slightly higher than 

7 days after curing for 28 days. Similar equivalent age distribution tendency can be found on 

80%RH and 90%RH of specimens, but it is worth noting that the hydration reaction of all the cross-

section of specimens under 90%RH will continue, hence the degree of equivalent age is significantly 

higher than that under other conditions. Although 80%RH is the critical relative humidity for cement 

hydration, the hydration rate of cement is still very low when the relative humidity is in the range 

between 80%RH and 95%RH[18]. Therefore, it can explain why the maximum equivalent age of 7 

days(6.04 days) and 28 days(7.36 days) is so closed in the cross-section of 1cm3 specimen when 

curing at 80%RH. In contrast, the maximum equivalent age of Ø5cm and Ø10cm specimens at 

different curing humidity are closed at corresponding curing days due to the highest internal relative 

humidity equals to 100%RH for all curing days. 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.11 Equivalent age of specimen size 1cm3 (in days) 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.12 Equivalent age of specimen size Ø5cm (in days) 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.13 Equivalent age of specimen size Ø10cm (in days) 
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    As a conclusion, the equivalent age development versus actual curing age of each depth of 

Ø5cm specimen is shown in Fig. 4.14. Fig. 4.14a shows the position of each depth on the cross-

section and Fig. 4.14b, c, d respectively shows the curing condition of 18ºC-70%RH, 80%RH and 

90%RH. A similar equivalent age development tendency can be found in the relative humidity 

condition of 70%RH and 80%RH within Fig. 4.14b and Fig. 4.14c. Thanks to the low curing relative 

humidity(70%RH and 80%RH), only slight difference on the equivalent age can be found at a depth 

of 1.5cm and 2cm, and almost the same level at 0.5cm and 1cm. This is because the simulation 

result of relative humidity of both conditions drop below or close to 80%RH at 0.5cm and 1cm 

depth. The relatively obvious development of the equivalent age can be found at each depth in the 

conditions of curing humidity for 90%RH. It is easy to understand that the curing humidity 90%RH 

is higher than the critical relative humidity 80%RH of cement hydration, so each internal depth will 

continue to hydrate throughout the whole curing process.  

 

 

a. Depth schematic diagram of Ø5cm specimen b. Curing at 18ºC-70%RH 

  

c. Curing at 18ºC-80%RH d. Curing at 18ºC-90%RH 

Figure 4.14 Equivalent age versus actual curing age of each depth of Ø5cm specimen 
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4.3.4 Distribution of compressive strength  

Based on the equivalent age distribution of the specimens under different curing conditions, 

the strength distribution of each cross-section can be calculated according to Eq. (4.3). Fig. 4.15 to 

Fig. 4.23 have given the strength development of each piratical days of all the unsaturated relative 

humidity curing conditions(70%RH, 80%RH and 90%RH) and temperature conditions(10ºC, 18º

C and 40ºC). In addition, according to the strength distribution results of each section, the 

corresponding average strength is calculated to present the predicted strength of each specimen. The 

calculation of average strength is carried out by integrating the strength of coordinate points on the 

cross-section with the center point as the origin of the coordinate. The specific calculation of the 

two different section shapes are based on the following equations. 

For square section (1cm3)  

𝑓̅ =  
1

𝑆
∬𝑓(𝑥,𝑦) 𝑑𝑥 𝑑𝑦                           (4.16) 

For circular section (Ø5cm, Ø10cm) 

𝑓̅ =  
1

𝑆
∬𝑓(𝑟,𝜃) 𝑑𝑟 𝑑𝜃                           (4.17) 

where， 

𝑥 is the distance from the center to the edge of the square section in the horizontal direction; 

𝑦 is the distance from the center to the edge of the square section in the vertical direction; 

𝑟 is the radius of the circular section; 

𝜃 is the angle; 

𝑆 is the area of the cross-sectional ; 

𝑓(𝑥,𝑦) and 𝑓(𝑟,𝜃) are the strength at the coordinates of (𝑥, 𝑦) and (𝑟, 𝜃); 

𝑓̅ is the average strength. 

   The simulated cross-section in this study represents the cross-section at the middle position of 

the experimental specimen. When the specimen is under pressure on both sides, the position at top 

and bottom present a higher strength than the middle position of the specimen due to the hooping-

effect. Therefore, the cross-section of the middle position of the specimen has a critical meaning to 

present the strength of the whole specimen. In addition, because the experimental body is affected 

by uniform distribution pressure, the average strength on the cross section calculated by integral can 

better reflect its strength grade. 
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a. Curing at 10ºC-70%RH 

  

  
b. Curing at 10ºC-80%RH 

  

  
c. Curing at 10ºC-90%RH 

Figure 4.15 Strength distribution of 1cm3 specimen curing at 10 ºC 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.16 Strength distribution of 1cm3 specimen curing at 18 ºC 
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a. Curing at 40ºC-70%RH 

  

  
b. Curing at 40ºC-80%RH 

  

  
c. Curing at 40ºC-90%RH 

Figure 4.17 Strength distribution of 1cm3 specimen curing at 40 ºC 
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a. Curing at 10ºC-70%RH 

  

  
b. Curing at 10ºC-80%RH 

  

  
c. Curing at 10ºC-90%RH 

Figure 4.18 Strength distribution of Ø5cm specimen curing at 10 ºC 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.19 Strength distribution of Ø5cm specimen curing at 18 ºC 
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a. Curing at 40ºC-70%RH 

  

  
b. Curing at 40ºC-80%RH 

  

  
c. Curing at 40ºC-90%RH 

Figure 4.20 Strength distribution of Ø5cm specimen curing at 40 ºC 
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a. Curing at 10ºC-70%RH 

  

  
b. Curing at 10ºC-80%RH 

  

  
c. Curing at 10ºC-90%RH 

Figure 4.21 Strength distribution of Ø10cm specimen curing at 10 ºC 
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a. Curing at 18ºC-70%RH 

  

  
b. Curing at 18ºC-80%RH 

  

  
c. Curing at 18ºC-90%RH 

Figure 4.22 Strength distribution of Ø10cm specimen curing at 18 ºC 
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a. Curing at 40ºC-90%RH 

  

  
b. Curing at 40ºC-80%RH 

  

  
c. Curing at 40ºC-90%RH 

Figure 4.23 Strength distribution of Ø10cm specimen curing at 40 ºC 
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    In order to better demonstrate the accuracy of strength prediction, the average calculated 

strength of different sizes specimens were compared to the tested experimental strength. Fig. 4.24 

to Fig. 4.26 respectively compared the strength of experiment and prediction for different curing 

relative humidity, temperature and specimen size.  

In Fig. 4.24, predicted strength versus experimental strength of different curing relative 

humidity are shown. It is evident that the prediction accuracy under saturated relative 

humidity(100%RH) is significantly higher than that under unsaturated relative humidity (70%RH, 

80%RH, 90%RH). This is because when relative humidity is the reference of 100%RH, the 

proposed equivalent age function only has one influence factor of temperature, in other words, there 

is no deviation introduced by relative humidity during calculation of strength prediction model.  

However, under the curing condition of unsaturated humidity, moisture evaporation causes a 

decrease of internal relative humidity, which leads to the interference of relative humidity on 

strength. A relatively close prediction accuracy was found under the three unsaturated humidity. 

Fig. 4.25 shows the predicted strength versus experimental strength of different curing 

temperature. The accuracy of strength prediction at different temperatures is relatively close. 

However, it can be found that the proposed model slightly underestimates the experimental strength 

at temperatures of 18ºC and 40ºC. As discussed at the end of Section 3 of the determination of the 

diffusion coefficient, the simple diffusion method utilized in this study that neglected the 

temperature effect and led to a high relative humidity content at high temperature of the cross-

section. Relatedly, the prediction result of equivalent age and strength is expected to be a higher 

value than tested. In contrast, the estimated strength is slightly lower than tested, see Fig. 4.25b and 

Fig. 4.25c. This may be caused by the proposed equivalent age function is highly sensitive with 

relative humidity. Although the critical relative humidity for cement hydration is 80%RH, the 

reaction rate of cement hydration is still very low when the relative humidity is in the range between 

80%RH and 95%RH, see Fig. 3.7a, the rate of cement hydration is almost to 0 when relative 

humidity is around 95%RH. This also agree with the result of reference[18] that the hydration of 

cement shows an extremely low value when RH is below 95%RH. Considering the safety aspect, 

the lower evaluation strength will provide a safer guarantee for the actual project. 

    As shown in Fig. 4.26, it can be clearly found that the prediction results can well reflect the 

compressive strength results obtained in the experiment, and the accuracy of prediction is more 

precise in larger size specimens. This is mainly because the influence of environmental relative 
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humidity is lower on the bigger size specimen than that on the smaller one. Therefore, a more 

accurate calculated equivalent age and strength can be obtained in this case. The smallest specimen 

with a size of 1cm3 received a more scattered prediction result than the other two sizes, which may 

be because the ambient humidity would soon affect and cause the inside relative humidity to 

decrease, not only at the edge but also at the center of the section. In addition, the shape of the cube 

specimen is also subject to different humidity diffusion mechanism from that of the cylinder, 

especially in the four corners. Nevertheless, the ultimate application of this method is to evaluate 

the internal strength changes of massive slab of actual structures. The most basic 1-D diffusion 

model can well simulate the changes of internal humidity (like Ø5cm and Ø10cm applied in this 

research), so the practical application can be satisfied by the present method.  

The maximum strength and minimum strength exist in the concrete specimen or structure, and 

the damage of the concrete is determined by the minimum strength. In other words, when the failure 

strength reaches its minimum allowable strength, the specimen will be cracked. The evaluation 

result of this study is the comparison between the average strength of the cross-section and the 

strength measured by the experiment (minimum strength).  Therefore, some deviation may exist, 

but the coordination of the comparison results indicates that this deviation may be small or not 

evidence, the prediction results can generally reflect the experimental results. 

Nevertheless, the internal microstructure of different specimens is complex and unsystematic, 

hence the actual relative humidity distribution is uneven. The simulation by diffusion model is only 

an idealized method to approach the relative humidity variation inside concrete. From an 

experimental viewpoint, the experimental deviation is also inevitable. All the operations are only 

theoretically close to the real value.  
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a. Curing at 70% relative humidity b. Curing at 80% relative humidity 

  
c. Curing at 90% relative humidity d. Curing at 100% relative humidity 

Figure 4.24 Predicted strength versus experimental strength of different relative humidity 

     
a. Curing at 10ºC b. Curing at 18ºC 

 

 

c. Curing at 40ºC  

Figure 4.25 Predicted strength versus experimental strength of different temperature 
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a. Specimen size of 1cm3 b. Specimen size of Ø5cm 

 

 

c. Specimen size of Ø10cm  

Figure 4.26 Predicted strength versus experimental strength of different specimen size 
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the cross-section of Ø 10cm is less affected by the environment relative humidity and relatively 

evenly distributed. 

3. At a low curing relative humidity of 70%, the gradient distribution of equivalent age caused by 

curing relative humidity becomes evident from the 3rd day of curing. As the hydration reaction 

of all the cross-section of specimens under 90%RH will continue, so the equivalent age is 

significantly higher than that under other conditions. The equivalent age of the central area of 

Ø5cm and Ø10cm specimens at different curing humidity is equal to it at 100%RH curing. 

4. The prediction accuracy under saturated relative humidity(100%RH) is significantly higher 

than that under unsaturated relative humidity (70%RH, 80%RH, 90%RH). Also, the proposed 

model slightly underestimates the experimental strength at temperatures of 18ºC and 40ºC. The 

prediction strength results can well reflect the compressive strength results obtained in the 

experiment, and the accuracy of prediction is more evident in larger size specimens.  
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Chapter 5 Strength prediction of different depths of surface 

layer concrete 
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5.1 Experimental process 

    Relative humidity inside concrete is measured by using a kind of temperature and humidity 

sensor produced by Sensirion with the model of SHT75. This capacitive sensor is able to effectively 

measure the temperature and humidity in the environment and transmit it to the data logger and the 

connected computer. Its accuracy on relative humidity is within ± 1.8%. The waterproofing 

treatments is needed to be done before setting it into concrete. The plastic pipe with 8mm diameter 

is used for wrapping the body part of the sensor, and the top of the pipe is covered with a kind of 

fiber paper that only the water vapor can pass through. The connection between the fiber paper and 

the pipe is sealed with glue, shows in Fig. 5.1a. Concrete slab is utilized the same proportion with 

the compressive strength test in the previous chapter, cement mortar with the W/C20.5. A concrete 

slab with 10cm depth is applied for the experiment, and only one surface is exposed to the air. 

Sensors are set at a depth of 0cm(surface), 1cm, 2cm and 4cm from the exposed surface. The 

schematic diagram of the experiment is illustrated in Fig. 5.1b. The test lasts for at least 500 hours 

from the starting time of casting. Because of the limitations of the processed sensor and the error of 

the sensor itself, the rising stage of humidity in the output data is omitted, and the humidity value 

exceeding 100% is processed as 100%.  

    Experimental analysis of the relative humidity distribution with time of different depths is 

conducted by three kinds of artificial curing environment: conventional drying curing, wind blowing 

curing, and surface heating curing. 

⚫ Conventional drying curing, general drying curing room condition with a temperature of 20 °C 

and relative humidity of 50%. 

⚫ Surface heating curing, a heat lamp is set above the exposed surface of mortar. 

⚫ Wind blowing curing, exposed surface is blown by an electric fan. 
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a. Processed sensor b. Experimental schematic diagram  

Figure 5.1 Experimental system of RH measurement of surface concrete 

5.2 Result and discussion 

5.2.1 Measured temperature/relative humidity development  

    In order to correspond to the research results in the previous chapters, the experiment on the 

relative humidity change of surface concrete in this chapter still utilizes the pure cement mortar 

sample with the same mix proportion with the previous research. The purpose of the three different 

artificial curing methods is to find the development law of humidity development with time of 

surface layer concrete under different conditions. Experimental results are shown in Fig. 5.2. During 

the experimental process of this study, sensors are set before concrete casting, therefore, a rising 

range of humidity is measured. However, considering that the humidity is reduced from 100% 

through the theory of humidity development of concrete, so the rising range is omitted. That is to 

say, the initial values of sensors measured in Fig. 5.2 are the peak values of each sensor. As widely 

known that the relative humidity of concrete at an initial time is 100%, at this stage, the concrete 

system is considered as flexible liquid. Moreover, some of the initial value is not 100%, such as 1cm 

depth of conventional drying curing, 1cm and 2cm of surface heating curing, 2cm and 4cm of wind 

blowing curing, may be caused by deviation of sensor waterproof treatment. The sensors measured 

the humidity of the inner space of plastic pipe, and the hysteresis is existed for the reflection of the 

humidity of the concrete at each depth.  
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    It is easy to find that the surface heat curing and wind blowing curing are effectively influenced 

the relative humidity development of surface layer of cement mortar. After 500 hours of testing, the 

surface humidity shows a rather difference of three groups. Which the surface humidity of surface 

heat curing and wind blowing curing are 25% and 46% at the later stable state, both are lower than 

the constant humidity of 50% of the curing room. The surface humidity of conventional drying 

curing at a stable state is about 55%. On another hand, the humidity of treated curing conditions at 

an initial decrease state shows more sharp than conventional drying curing. Fig. 5.2 a, b and c 

illustrates the time point of each condition when the surface humidity reaches a relative stable state 

(±1% of stable humidity), which are the 99, 49 and 23 hours of conventional drying curing, surface 

heat curing and wind blowing curing, respectively. Which can be explained that the heating and 

wind blowing can accelerate the evaporation of the water from the surface. A similar phenomenon 

also can be found from the result of 1cm and 2cm depth relative humidity. For the further depth of 

4cm, the lower influence of the surface condition is suffered, which leads that the closed values of 

relative humidity are measured of three conditions. As for the temperature, conventional drying 

curing and wind blowing curing show a similar temperature with a constant temperature of 20 °C 

of curing room, even though at different depth. Surface heating curing will lead a temperature 

gradient of depth, average values of 34.0 °C, 31.6 °C, 30.9 °C and 29.7 °C are measured for the 

depth of 0cm (surface), 1cm, 2cm and 4cm, respectively. 
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a. Curing condition of conventional drying 

 

b. Curing condition of surface heating 

 

c. Curing condition of wind blowing 

Figure 5.2 Measured relative humidity and temperature of three curing condition 
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5.2.2 Relative humidity reduction due to moisture diffusion 

    The finite difference method provides a very effective solution to the problem of internal 

humidity diffusion inside concrete. Based on the moisture diffusion Eq. (4.5), the numerical 

calculation of the moisture diffusion with time of different distances from the surface can be 

simulated.  

However, the difficulty of this study is to determine the diffusion coefficient 𝐷(𝐻). Where the 

expression of 𝐷(𝐻) is shown as Eq. (6.3), the only unconfirmed parameter is 𝐷1 in Eq. (4.7). 𝐷1 

is given as the maxim 𝐷(𝐻) at relative humidity equal to 100%, however, in this study, in order to 

explore the law of moisture transfer under different curing conditions, 𝐷1 is determined by manual 

operation which can be called ‘prediction-calibration’. Ultimately, values of 0.14*E-4, 0.22*E-4 

and 0.2*E-4 were selected to apply to the curing condition of conventional drying, surface heating, 

and wind blowing, respectively. It is noted that the adopted value of 𝐷1 in this study is several 

orders of magnitude higher than the empirical value of other studies, this may be caused by the 

experimented sample is used cement mortar and the measured value of relative humidity dropped 

dramatically at the surface layer also leading a high value of 𝐷1. The diffusion coefficient calculated 

by Eq. (4.7) of each curing condition is figured in Fig. 5.5. 

As for the boundary condition, the Dirichlet boundary condition is applied to the three different 

curing condition, nevertheless, the adopted relative humidity of boundary condition comes from not 

the ambient humidity in the laboratory, but the measured value of the surface sensors. The humidity 

values at a stable state of the surface sensors, 55%, 25%, and 46% are taken as the constant boundary 

humidity of the curing condition of conventional drying, surface heating and wind blowing, 

respectively. Which can be found whit the horizontal dotted line in Fig. 5.3. 

Supposing that the solution domain of space is 0 < x < L and the solution domain of time is 

t > 𝑡0, so the initial conditions can be expressed as: 

𝐻 = 100， 𝑓𝑜𝑟 𝑡 = 𝑡0, 0 < 𝑥 < 𝐿                                                         

𝐻 = 100， 𝑓𝑜𝑟 𝑡 > 𝑡0, 𝑥 = 𝐿                                                                  

Meanwhile, the number of steps in space with 10, and the number of steps in time with 500 are 

selected for the simulation. The step length of both time and space are set as 1. Hence, it is easy to 

understand that the space steps mean the different depth from the exposed surface of concrete and 

each step presents 1cm distance, and the time steps mean the time from the diffusion starting and 

each step represents one hour.  



92 
 

 

 

Figure 5.3 Diffusion coefficient of each curing condition (E-4) 

 

  

a. Conventional drying curing b. Surface heating curing 

 

 

c. Wind blowing curing  

Figure 5.4 Simulation result of relative humidity development with time of different depth 
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5.2.3 Comparison between experimental and simulation result 

After the relative humidity distribution by moisture diffusion is simulated, the whole relative 

humidity reduction due to moisture diffusion can be calculated by a comprehensive consideration 

of both aspects. The comparison results of humidity development between the experimental and 

simulation of three curing conditions are shown in Fig. 5.5.  

The utilized water transformation model can evaluate the water movement of surface concrete 

with high accuracy. Especially to the conventional drying curing, the relative humidity reduction is 

rather accurately between the experimental and estimated results, which with a reasonable condition 

without any influence on the exposed surface. Correspondingly, regarding to the curing condition 

with the surface treatment, the estimation results of the model can simulate the moisture 

development of concrete surface to a certain extent, but the accuracy is lower than that of ordinary 

dry curing. The reason may be the surface evaporation of water vapor and the transfer coefficient of 

water vapor inside concrete have not been precisely explicit. However, for this study, the 

development law of relative humidity in concrete is applied to the strength prediction of different 

positions inside concrete, so a relatively accurate tendency of humidity development is able to 

satisfy the requirements of the following research. Undeniably, more accurate studies of moisture 

transfer within concrete are needed in the future. 

 

5.2.4 Strength development of each depths 

    Chapter 4 has figured out the expression of equivalent age and strength prediction model for 

position inside concrete, which considered both the influence of temperature (T) and internal relative 

humidity (RH), the compressive strength development inside concrete can be predicted by Eq. (4.3). 

Whereas the range of application of relative humidity with Eq. (4.3) is above 80%RH, equivalent 

age at RH below 80% is considered as 0. 𝑓𝑐𝑚28  in Eq. (4.3) for the three curing condition is 

calculated based on the 28-day compressive strength under 18°C and 100%RH through equivalent 

age function in Eq. (4.9) with 𝑅𝐻  equals to 100. Which 𝑓𝑐𝑚28 = 41.59 MPa  is used for the 

calculation processes. In the process of calculation, the accumulative method is used to calculate 

the equivalent age, and the accumulative interval is adopted as 1 hour.  
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a. Conventional drying curing 

 

b. Surface heating curing 

 

c. Wind flowing curing 

Figure 5.5 Comparison between experimental and simulation result 
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Accordingly, based on the estimation results of humidity at different depths in Fig. 5.5 and Eq. 

(4.3), it is possible to simulate the development of strength at different depths. In order to better 

explain the influence of humidity change on hydration rate, a humidity influence coefficient 𝑔ℎ is 

proposed here, and 𝑔ℎ can be calculated as 𝑔ℎ = 𝑒
0.8484(𝑅𝐻−100) according to Eq. (3.14). In Fig. 

5.6 and Fig. 5.7, the development of humidity influence factors 𝑔ℎ, equivalent age and strength 

with time at depths of 1cm, 2cm and 4cm of each curing conditions’ results are proposed. 

    For the development of relative humidity influence factor 𝑔ℎ with time, the following patterns 

can be found. In the initial stage of curing, the value of 𝑔ℎ is close to 1, which is due to sufficient 

internal moisture and the relative humidity is close to 100%. Then, 𝑔ℎ decreased with the curing 

time going on. The faster the internal humidity decreases, the faster the 𝑔ℎ decreases, t the speed 

will be the fastest at 1cm and the slowest at 4cm depth. Similar to the changing tendency with 

relative humidity inside concrete, 𝑔ℎ  change of conventional drying curing (Fig. 5.6a) of each 

depth is not so rapidly than the other two curing condition (Fig. 5.6b and Fig. 5.6c).  

    In each figure of Fig. 5.6 and Fig. 5.7, relative humidity of 100% is drawn as a reference. It 

can be found in Fig. 5.6d-5.6f that if there is no influence of relative humidity, the equivalent age 

shows a linear tendency at a constant curing temperature. The simulated equivalent age development 

with time of each depth and curing conditions grows with a reasonable tendency. High relative 

humidity leads to a high equivalent age at same curing condition. Moreover, as the 𝑔ℎ of 1cm 

decreased most rapidly, the corresponding equivalent age value also grows slowly. Theoretically, 

the higher the temperature the higher the equivalent age is. For the curing condition of surface 

heating (Fig. 5.6e), the experimental result shows that the shallower the depth is, the higher the 

temperature will be. However, by integrating the influence of relative humidity, the result is still that 

the deeper the depth is, the larger the corresponding equivalent age will be. Even if the temperature 

is lower than the shallow depth. This indicates not only temperature, but also relative humidity has 

a significant effect on the equivalent age. 

    Fig.5.7 shows the simulated strength development with time of three different curding 

conditions and of the reference relative humidity of 100%. Since the hydration rate take as 0 when 

humidity drops to 80% due to Eq. (3.14), in the simulation results of strength, there will be some 

cases when the strength stops growing. As can be seen from Fig. 5.7b, the high curing temperature 

leads to a high rate of compressive strength development, which in turn leads to higher strength, 

even if the relative humidity drops rapidly. As for the conventional drying curing and wind flowing 
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curing in Fig. 5.7a and Fig. 5.7c, the same temperature of 20°C is applied in the simulation process. 

However, due to the rapid decrease of relative humidity caused by surface wind, the compressive 

strength at each depth is slightly lower than that of conventional drying curing. In addition, the 

development of compressive strength of wind blowing curing at the depth of 1cm and 2cm is stopped 

(when h ≤ 80%) during the simulation period (Fig. 5.7c), while only the compressive strength at 

the depth of 1cm stop developing of conventional drying curing (Fig. 5.7a).  

At typical ages of 3days(72hours), 7days(168hours) and 14days(336hours), the results of 

strength are shown in table 5.1. As can be seen from the table, since the equivalent age of 1cm depth 

stops growing at a very early age, the strength under each condition also stops at a low strength and 

does not exceed 2MPa.  

The strength at a depth of 2cm under each curing conditions can be found at nearly the same 

value for each typical age. At the age of 3days, 7days and 14days, the strength of 2cm depth of 

conventional drying curing can be reached about 67.2%, 49.9% and 41.7% of the reference strength; 

strength of same depth for surface heating curing and wind blowing curing can reach 48.3%, 37.5%, 

32.6% and 49.3%, 35.8%, 29.9% of the reference strength at each curing ages.  

At a depth of 4cm, relative high strength can be obtained due to the higher relative humidity 

content. At the age of 3days, 7days and 14 days, the strength of conventional drying curing can 

reach 99.5%, 95.7% and 86.4% of the strength of reference condition; the strength of surface heating 

curing can reach 95.5%, 84.8% and 74.0% of the strength of reference condition; the strength of 

wind blowing curing can reach 98.2%, 88.4% and 75.5% of the strength of reference condition.     

The results show that relative humidity has a serious effect on the internal strength of the surface 

layer of the concrete slab. It also fully reveals the necessity of sealing after concrete pouring during 

actual construction. 
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a. 𝑔ℎ of conventional drying curing 
d. Equivalent age of conventional drying 

curing 

  

b. 𝑔ℎ of surface heating curing e. Equivalent age of surface heating curing 

  

c. 𝑔ℎ of wind flowing curing f. Equivalent age of wind flowing curing 

Figure 5.6 Simulated 𝑔ℎ and equivalent age development with time 
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a. Conventional drying curing 

 
b. Surface heating curing 

 
c. Wind flowing curing 

Figure 5.7 Simulated strength development with time 
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Table 5.1 Strength of each depth at typical ages (MPa) 

  

Conventional drying curing Surface heating curing Wind flowing curing 

100% 

RH 

4cm 

depth 

2cm 

depth 

1cm 

depth 

100% 

RH 

4cm 

depth 

2cm 

depth 

1cm 

depth 

100% 

RH 

4cm 

depth 

2cm 

depth 

1cm 

depth 

3 days 
(72hours) 

22.12 22.02 14.87 1.81 27.14 25.92 13.11 1.60 22.12 21.72 10.91 0.90 

7days 

(168hours) 
30.54 29.24 15.23 1.81 34.93 29.61 13.11 1.60 30.54 27.00 10.93 0.90 

14days 

(336hours) 
36.59 31.63 15.24 1.81 40.24 29.77 13.11 1.60 36.59 27.63 10.93 0.90 

 

5.3 Verification of the proposed strength model of outdoor curing 

The proposed strength prediction model with considering of relative humidity in the previous 

chapters is mainly based on the laboratory results. That is to say, the obtained model is performed 

at a controlled curing condition with temperature and relative humidity. In order to better implement 

the proposed strength prediction model into the actual construction project. An outdoor experiment 

with variable temperature and relative humidity is necessary.  

5.3.1 Experimental process 

The outdoor experiment is divided into two parts: temperature and relative humidity 

measurement and compressive strength test.  

Temperature and relative humidity measurements are carried out on the Æ510cm specimen 

without demolding to make sure only one surface is exposed to the air. The measured depths are 

1cm, 2cm and 4cm from the exposed surface. Also, ambient temperature and relative humidity are 

measured. Three different treatments of the Æ510cm specimen are applied to test the compressive 

strength --- specimens with and without demolding curing in the air and specimens with demolding 

curing in the water. All experiments are conducted outdoors, and curing area are treated to avoid the 

effects of rainfall on the surface of the specimen. Compressive strength is tested at the age of 1, 3, 

7, 28 days. Fig. 5.8 shows the diagram of the experiment. 
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Figure 5.8 Diagram of the experiment of outdoor curing 

5.3.2 Compressive strength 

The compressive strength of three different kinds of outdoor curing condition is shown as Fig. 

5.9, the scale on the X-axis is converted to hours. Tested results of compressive strength show a 

reasonable development tendency. Specimen with demolding shows the lowest strength, and the 

specimen of water curing shows the highest. The reason can be explained through the influence of 

humidity onto compressive which has already illustrated in Chapter 2. It is noted that the 28-day 

(672-hour) compressive strength of with and without demolding air curing is closed, and that of 

water curing is slightly higher. 

 

Figure 5.9 Tested compressive strength of outdoor curing 
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5.3.3 Strength of specimen without demolding and each depth 

   The recorded temperature and relative humidity history of each depth of specimens is shown as 

Fig. 5.10. The temperature history of each depths show almost the same value during the whole 

recording period. The relative humidity of each depths at early ages (less than 100 hours) shows an 

increased tendency and irregular values because of the waterproof treatment of the sensor and the 

sensitivity of the sensor itself. It is easy to know that there is no rising stage for the internal humidity 

of the new mixed cement mortar. Therefore, in the calculation process, the humidity in this rising 

stage is taken as the highest value of humidity of each depth to reduce the generation of errors. The 

humidity development trend becomes reasonable after 100 hours. The strength development of each 

depth is carried out by using the same applied model with Eq. (4.3) and the recorded 

temperature/relative humidity data in Fig. 5.10. The compressive strength of each depth and the 

tested compressive strength of water curing are given in Fig. 5.11. With the development of curing 

age, the strength of each depths grows with different trend due to the changing temperature and 

relative humidity.  

It is clearly seen in Fig. 5.11 that even though the moisture value at the depth of 4cm is close 

to 100%RH, the strength evaluation results obtained by the model are still significantly lower than 

the strength of water-curing specimens. This indicates that the proposed humidity correction model 

is highly sensitive to relative humidity, and as long as the relative humidity is less than 100%, the 

corresponding equivalent age (or strength) will quickly decrease below the standard value. The same 

reason also leads to low strength values at 1cm and 2cm depths. The strength values of 1cm, 2cm 

and 4cm depth on the 28th day were 1.85MPa, 6.66MPa and 32.49MPa, respectively, which were 

4.2%, 15.3% and 74.9% of the experimental strength of water curing at the 28 days. the strength 

development of exposed curing specimens shows a strength level similar to 4cm depth inside 

concrete.  
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Figure 5.10 Temperature and relative humidity history of each depth 

 

Figure 5.11 Comparison of predicted and tested strength of each depth 
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This research is a sub-project of ‘smart sensor formwork system’, provides an effective method 

to calculate the equivalent age at different temperatures and humidity, as well as the development 

of strength. The ‘smart sensor formwork system’ is a system in which the quality control of curing 

concrete is estimated and visualized using embedded various types of sensor onto formwork, and 

collecting T/RH history of the concrete surface via wireless network and estimating the strength 

development from concrete surface, see Fig. 5.12. The proposed proposal is highly sensitive to 

relative humidity and able to evaluate the equivalent age and strength development of concrete 

surface according varying temperature and relative humidity. In practical engineering, the 

development of temperature and relative humidity of concrete surface is obtained through smart 

sensor formwork system, and the development of temperature and relative humidity of surface layer 

concrete can be inferred and the strength development of surface concrete can be obtained based on 

the proposal in this study. Since the development of intensity is evaluated directly from the sensor 

data without measurement of specimen, the work efficiency is greatly improved. Both influence of 

temperature and relative humidity are taken into account to improve the accuracy of strength 

evaluation and the safety of construction are more ensured. 

 

 

 

 

Figure 5.12 Schematic diagram of intelligent sensor formwork system 
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5.4 Conclusion  

This chapter mainly focuses on the estimation of relative humidity development of surface 

layer of concrete. The finite difference method (FDM) introduced in Chapter 4 is used to solve the 

partial differential equation of moisture diffusion theory. The humidity change of different depths 

of the surface concrete was also measured by the temperature/humidity sensor to verify the 

simulation result. According to the relative humidity simulation results at different depths under 

three curing conditions, the relative humidity influence factors 𝑔ℎ  and compressive strength at 

different depths are simulated with the development of time. Based on the simulation and 

experiment results, the following conclusions can be summarized. 

(1) The experiment is conducted by inserting the temperature/humidity sensors into different depth 

of the surface layer of concrete. Different curing treatments show different law of humidity 

development, both surface heating, and wind blowing can accelerate the loss of water in 

concrete, which is more evident in the near-surface layer of concrete.  

(2) By comparing the simulated relative humidity reduction regarding moisture diffusion to the 

experimental results, it can be clearly found that the simulation of the model can accurately 

reflect the relative humidity development of surface layer of concrete.  

(3) In the initial stage of curing, the value of 𝑔ℎ is close to 1. The faster the internal humidity 

decreases, the faster the 𝑔ℎ decreases and the decreasing speed will be the fastest at 1cm and 

the slowest at 4cm depth.  

(4) The simulated equivalent age development with time of each depth and curing conditions grows 

with a reasonable tendency. High relative humidity leads to a high equivalent age at same curing 

condition. Not only temperature but also relative humidity has a significant effect on the 

equivalent age. 

(5) Under three simulated conditions maintained in the laboratory, strength at a depth of 1cm would 

soon cease to grow and would be less than 10% of 100%RH strength. The strength at a depth 

of 2cm under each curing conditions can be found at nearly the same level for each typical age. 

But even so, due to sufficient water in the early ages, 2cm can still reach a tolerable strength 

value. At depth of 4cm, relative high strength can reach a considerable high level than that of 

the other two depths due to the sufficient relative humidity content during the whole curing 

period. 

(6) For the outdooring curing specimens, even though the moisture value at the depth of 4cm is 
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close to 100%RH, the strength evaluation results obtained by the model are still significantly 

lower than the strength of water-curing specimens. And relatively low strength values s can be 

found at 1cm and 2cm depth. The strength values of 1cm, 2cm and 4cm depth on the 28th day 

were 1.85MPa, 6.66MPa and 32.49MPa, respectively, which were 4.2%, 15.3% and 74.9% of 

the experimental strength of water curing at the 28 days. 
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Chapter 6 Conclusion 
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6.1 Conclusion 

The initial maintenance of fresh concrete is of great significance to the quality of the 

constructions. The curing quality of initial concrete directly affects the strength and durability of 

concrete from surface to interior. To understand the curing of concrete, it is necessary to understand 

the hydration process of cement and its influence. The hydration process of cement is generally 

considered dependent on the main components of cement clinker, temperature and time. In the actual 

construction process, in order to ensure the continuity of the construction process of the building, 

when the hydration reaction is processing in the early curing stage, the demolding treatment is 

conducted. Water evaporates from the surface of the concrete, causing a difference in water pressure 

from the surface to the inside, and thus causing the moisture diffusion from the inside to the outside. 

This directly results from the outside of the cement hydration is not comprehensive, and lead to the 

strength and durability of low. For reinforced concrete structures, the poor quality of the concrete 

cover can lead to more carbon dioxide, salt and corrosion of the steel. Therefore, the early quality 

management of concrete surface layer plays a crucial role in the durability of concrete strength. 

For the prediction models of concrete related to time-effect, the equivalent age function 

proposed in this thesis considering the influence of temperature and relative humidity also can be 

applicable, so as to get more accurate evaluation results.  

This thesis based on the purpose of strength prediction of surface layer concrete, firstly 

proposed an equivalent age function that influenced by both temperature and relative humidity 

which could estimate the strength development at different curing temperatures and relative 

humidity conditions in chapter 3. Nevertheless, some drawbacks have been found of this proposed 

model, such as the proposed relative humidity modified function is obtained based on a constant 

condition of curing relative humidity, the applicability of such function in a changing environment 

needs more discussed. In addition, the application of the range of humidity also needs to be further 

discussed in the future. On the other hand, the propose of the thesis is for predicting the strength 

change in surface layer concrete, the humidity condition inside concrete is also different from the 

environment.  

In order to well and reasonable estimate the strength development of surface layer concrete, a 

new humidity influence factor is proposed in chapter 4 based on the hydration rate of cement powder. 

This factor is proposed by referring the cement hydration rate and empirical function of other 
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researchers’ and proposed by considering the safety of application to practical construction. After 

verification, the proposed model can thoroughly evaluate the strength growth of different humidity 

conditions. Such relative humidity modified model is also verified to the concrete slab based on the 

simulation result of humidity distribution with time. The internal strength of concrete in the outdoor 

environment was also predicted.  

The detailed results of each chapter are included as follows. 

Chapter 1 explains the background, purpose, and innovation of the research. And the overall 

structure of the doctoral thesis is also summarized. 

Chapter 2 mainly aimed at the research content of the research of the thesis and summarized 

the previous research results which concern with. The aspects of the influence of relative humidity 

on hydration and strength, maturity method, strength prediction model and internal moisture transfer 

of concrete are mainly reviewed. 

Chapter 3 based on the hydration degree of cement powder at different temperature and relative 

humidity, the hydration rate was calculated. Then the relationship between hydration degree and 

hydration rate can be illustrated. A hydration model was applied to obtain the rate constant at 

different relative humidity and temperature by regression analysis with the experiment result. Taking 

20ºC-100%RH as the standard condition, the change of rate constant under different temperature 

and humidity can be expressed by an exponential function, then the equivalent age equation under 

the action of temperature and humidity can be obtained. The hydration reaction of cement powder 

is evident under the curing condition of more than 80%RH by the experimental results. The 

hydration model can basically describe the nonlinear relationship between hydration degree and 

hydration rate under different temperature and relative humidity. The proposed exponential function 

can well fit the value of rate constant under different temperature and relative humidity, and then 

the modified equivalent age function can be proposed based on it. 

   In chapter 4, the compressive strength of specimens of different sizes was measured under 

different temperature and relative humidity curing conditions. Moreover, according to the 1-D and 

2-D diffusion model, relative humidity distribution on the cross-section of each specimen is 

simulated. Based on the simulated relative humidity results on the cross-section, the equivalent age 

and strength of each cross-section are calculated by means of the equivalent age function proposed 

in Chapter 3 and the strength prediction model of fib model code 2010. The compressive strength 

of cement mortar is not only significantly influenced by temperature but also by relative humidity. 
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A higher early-age strength is obtained when curing temperature is high, while a low relative 

humidity reduces the compressive strength of the mortars. Such a phenomenon is more evident at 

the later stage of curing. With the curing time goes on, the humidity distribution of the internal 

section gradually decreases. Moreover, due to the small size of the specimens of 1cm3 , the 

environmental humidity will soon affect the central position of the section. On the contrary, the 

humidity in the cross-section of Ø 10cm is less affected by the environment relative humidity and 

relatively evenly distributed. At a low curing relative humidity of 70%, the gradient distribution of 

equivalent age caused by curing relative humidity becomes evident from the 3rd day of curing. As 

the hydration reaction of all the cross-section of specimens under 90%RH will continue, so the 

equivalent age is significantly higher than that under other conditions. The equivalent age of the 

central area of Ø5cm and Ø10cm specimens at different curing humidity is basically equal to it at 

100%RH curing. 

The prediction accuracy under saturated relative humidity(100%RH) is significantly higher than 

that under unsaturated relative humidity (70%RH, 80%RH, 90%RH). Moreover, the proposed 

model slightly underestimates the experimental strength at temperatures of 18ºC and 40ºC. The 

prediction strength results can well reflect the compressive strength results obtained in the 

experiment, and the accuracy of prediction is more evident in larger size specimens. 

    Chapter 5 mainly focus on the estimation of relative humidity development of surface layer of 

concrete. The finite difference method (FDM) introduced in Chapter 4 is used to solve the partial 

differential equation of moisture diffusion theory. The humidity change of different depths of the 

surface concrete was also measured by the temperature/humidity sensor to verify the simulation 

result. According to the relative humidity simulation results at different depths under three curing 

conditions, the relative humidity influence factors 𝑔ℎ and compressive strength at different depths 

are simulated with the development of time. The experiment is conducted by inserting the 

temperature/humidity sensors into different depth of the surface layer of concrete. Different curing 

treatments show different law of humidity development, both surface heating, and wind blowing 

can accelerate the loss of water in concrete. Which is more evident in the near-surface layer of 

concrete.  By comparing the simulated relative humidity reduction regarding moisture diffusion to 

the experimental results, it can be clearly found that the simulation of the model can accurately 

reflect the relative humidity development of the surface layer of concrete.  In the initial stage of 

curing, the value of 𝑔ℎ is close to 1. The faster the internal humidity decreases, the faster the 𝑔ℎ 



112 
 

decreases, and the decreasing speed will be the fastest at 1cm and the slowest at 4cm depth. The 

simulated equivalent age development with time of each depth and curing conditions grows with a 

reasonable tendency. High relative humidity leads to a high equivalent age at same curing condition. 

Not only temperature but also relative humidity has a significant effect on the equivalent age. Under 

three simulated conditions maintained in the laboratory, strength at a depth of 1cm would soon cease 

to grow and would be less than 10% of 100%RH strength. The strength at a depth of 2cm under 

each curing conditions can be found at nearly the same level for each typical age. But even so, due 

to sufficient water in the early ages, 2cm can still reach a tolerable strength value. At depth of 4cm, 

relative high strength can reach a considerable high level than that of the other two depths due to 

the sufficient relative humidity content during the whole curing period. For the outdooring curing 

specimens, even though the moisture value at the depth of 4cm is close to 100%RH, the strength 

evaluation results obtained by the model are still significantly lower than the strength of water-

curing specimens. And relatively low strength values s can be found at 1cm and 2cm depth. The 

strength values of 1cm, 2cm and 4cm depth on the 28th day were 1.85MPa, 6.66MPa and 32.49MPa, 

respectively, which were 4.2%, 15.3% and 74.9% of the experimental strength of water curing at 

the 28 days. 

6.2 Furfure research 

    Although this thesis presented a method to predict the development of internal strength, the 

result is carried out by the internal temperature and humidity changes obtained through the sensors 

pre-embedded inside concrete. For the purposes of engineering, this is obviously time and effort 

consuming. Therefore, it would be the right research direction to deduce the internal temperature 

and humidity development by placing the sensor on the concrete surface. And sensors placed on the 

surface can be reused so that both economic efficiency and work efficiency will be greatly improved. 

In addition, the influence of humidity on concrete strength in this study was carried out under 

the condition of specified water-binder ratio mortar under the specified environmental relative 

humidity, and whether the influence of environmental humidity on strength can replace the influence 

of real humidity inside concrete on strength remains to be verified. In addition, this experiment is 

conducted based on the experimental results of cement mortar. The results of strength development 

and humidity change are different from the results of concrete in practical construction. Therefore, 

in order to make the results closer to the practical construction, the same research on concrete needs 
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to be done. In the case of low water-cement ratio, the change of internal humidity caused by self-

desiccation of cement hydration should be considered.  
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