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A B S T R A C T 

At present, many road authorities in the world face challenges in condition monitor-
ing diagnosis of distress and forecasting deterioration, strengthening and convales-

cence of aging bridge structures. The accurate prediction of the future condition is 

crucial for optimizing the maintenance activities. It is very tough to predict the actual 

performance scenario or actual in–situ structures without carrying out inspection. 

Limited availability of detailed inspection data is considered as one of the major 
drawbacks in developing deterioration models. In State Based Markov deterioration 

(SNMD) modelling, the main job is to estimate transition probability matrixes 

(TPMs). In this paper, Markov Chain Monte Carlo (MCMC) is used to estimate TPMs. 

In Markov Chain Model, future conditions depend on only present bridge inspection 

data. Multiple repair options are adopted in order to optimize life cycle cost. Repairs 

are needed when the critical chloride concentration exceeds 0.2. Three distinct types 

of cost corresponding to each repair option is considered. The objective of this paper 

is to minimize the life cycle cost considering appropriate repair timings of mixed re-

pair methods. Variation of life cycle cost of five different concretes (stronger to 

weaker) using three different repair option is shown in this paper. For specific nor-

malized condition of concrete’s failure probability (0.3) and specific type of concrete, 

variation of life cycle cost using multiple repair options is also shown in this paper. 
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1. Introduction 

Various random impact factors can initiate time de-
pendent deterioration in RCC Girder Bridge. They can 
vary in loading and environmental conditions. In Girder 
Bridge, girders are used to support the deck. Girders are 
made of concrete which is deteriorated by increasing 
chloride concentration. It is an important factor for 
bridge deterioration. Chloride can come into water from 
various wastes, which causes corrosion in reinforced 
concrete structure. The corrosion occurred when the ion 
chloride has reached the steel reinforcement and the 
corrosion has begun to spread which caused spalling on 
concrete cover. As a result chloride penetration often 
causes failure of structure before the lifetime service of 
structure. It also reduces the compressive strength and ac-
celerates the corrosion of reinforcement bars in recycled 

aggregate concrete. Nowadays, it is essential to establish 
an effective maintenance and repair strategy to keep 
bridges sufficiently safe and serviceable throughout 
their service lives. To prevent shortened structure life-
time the initiation time of chloride penetration must be 
delayed. 

2. Modelling of Bridge Deterioration 

Bridge deterioration is the process of declining in the 
condition of bridge resulting from normal operating con-
ditions. The deterioration process exhibits the complex 
phenomena of physical and chemical changes that occur 
in different bridge components. Generally, deterioration 
models can be categorized into three categories. They are: 
deterministic models, stochastic models, and artificial in-
telligence models. These categories are discussed below. 
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a) Deterministic Models  
 

These models calculate the predicted conditions de-
terministically by ignoring the random error in predic-
tion. These models can be used for analysis of networks 
with a large population. However, they are considered to 
have some drawbacks:  
 
i) The current condition and the condition history of in-
dividual facilities are not considered while predicting 
the average condition of a family of facilities (Shahin et 
al., 1987; Jiang and Sinha, 1989)  
 
ii) They estimate facility deterioration for the “no 
maintenance” strategy only because of the difficulty of 
estimating the impacts of various maintenance strate-
gies (Sanders and Zhang, 1994) 
 
iii) Updating these models with new data is very tough  
 
b) Stochastic Models  
 

The uncertainty and randomness of facility deteriora-
tion process are considered as one or more random var-
iables in stochastic models. Among the stochastic tech-
niques Markovian models has been used extensively in 
modelling the deterioration of infrastructure facilities 
(Butt et al., 1987; Jiang et al., 1988). These models use 
the Markov Decision Process (MDP) to determine the ex-
pected failure condition of facility based on previous 
condition. The uncertainty of the deterioration process 
and considering the current facility condition in predict-
ing future one, these two problems of deterministic mod-
els have been covered by Markovian models. In this 
study, stochastic models are used to predict future con-
dition. 
 
c) Artificial Intelligence (AI) Models  
 

These models make use of computer techniques that 
aim to automate intelligent behaviors. Artificial neural 
networks (ANN), genetic algorithm (GA), and case based 
monitoring (CBR) are used to optimize the future predic-
tion conditions. Sobanjo (1997) has performed detailed 
investigation to use the ANN in modelling bridge deteri-
oration. Even though ANN has automated the process of 
finding the polynomial that best fits a set of data points, 
it still shares the problems of the deterministic model. 

 

3. Prediction of Performance by Markov Chain 
Models 

3.1. Markov chain 

A Markov chain is a mathematical model of a random 
phenomenon evolving with time in a way that the past 
affects the future only through the present. The “time” 
can be discrete (i.e. the integers), continuous (i.e. the real 
numbers), or, more generally, a totally ordered set. Mar-
kov chain is the distinctive case of the Markov process 

whose development can be treated as a series of transi-
tions between certain states. Markov process describes 
the probability of attaining a future state in the process 
which is dependent only on the present state not on the 
previous state.  

 

3.2. Transition probability matrix formation 

A Markov transition matrix is a square matrix describ-
ing the probabilities of moving from one state to another 
in a dynamic system. The rows of Markov transition ma-
trix are valued as one. Transition probability matrix is 
also the matrix form of probabilities where each element 
denotes the transition probabilities of system having in 
the same state or to the higher states with time. While 
developing performance prediction models for bridge 
components Markov chains are used, which includes de-
fining discrete condition states and accumulating the 
probability of transition from one condition state to an-
other over multiple discrete time intervals. Transition 
probabilities are represented by a matrix of order n×n 
called the transition probability matrix (P), where n is 
the number of possible condition states. Each element 
(Pij) in this matrix represents the probability that the 
condition of a bridge component will change from state 
(i) to state (j) during a certain time interval called the 
transition period, where the following relation is valid 
0≤ Pij ≤1.  

It is assumed that the transition probabilities are not 
time dependent (tn, tn+1). Two more conditions apply to 
the process when it is used to predict deterioration. 
Firstly, Pij=0 for i>j, signifying the belief that bridges can-
not improve in condition without first receiving treat-
ment. Secondly, Pnn=1, signifying a holding state where 
by bridges that have reached their worst condition can-
not deteriorate further. If the initial condition vector 
P(0) that describes the present condition of a bridge 
component is known, the future condition vector P(t) at 
any number of transition periods (t) can be obtained as 
follows (Collins, 1975):  

𝑃(𝑡) = 𝑃(0) ∙ 𝑃(𝑡) (1) 

where 

𝑃 =

[
 
 
 
 
 
𝑝11 𝑝12 ⋯ 𝑝1𝑛

𝑝21 𝑝22 ⋯ 𝑝2𝑛

⋯ ⋯ ⋯ ⋯
⋯ ⋯ ⋯ ⋯
⋯ ⋯ ⋯ ⋯
𝑝𝑛1 𝑝𝑛2 ⋯ 𝑝𝑛𝑛]

 
 
 
 
 

 (2) 

The values composing the TPM matrix must be non-
negative and lie between 0 and 1. The addition of the en-
trance of each line must be equal to 1. The probabilities 
of the initial state of the system P(0) may be represented 
by a line matrix. 

𝑃(0) = [𝑃1 (0), 𝑃2 (0), … , 𝑃𝑛 (0)] (3) 
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4. Methodology 

4.1. Condition rating 

The decision to employ Markov chains to predict ser-
vice life, together with reliability theory, aims to con-
sider uncertainties of degradation process until the 
structure reach the durability limit state. The condition 
rate may be classified based on the critical chloride con-
centration (Ccr) on the surface of the steel bar to define 
durability limit state. 

4.2. Transition probability matrix 

Markov process can be described through the follow-
ing formula (Ross, 2000).  

𝑆𝑡 = 𝑟(𝑃)𝑡 (4) 

St = State vector at time step t. 
P = Transition probability matrix, Pij represents the 
probability of process going from state i to state j. 
r = Initial state vector. 

The random variable vectors x = [Ccr, Co, x, Dc], where 
Ccr is the critical chloride concentration to initiate corro-
sion, Co is the surface chloride concentration, x is the 
cover depth to reinforcement, and Dc is the diffusion co-
efficient of chloride ion, Fick's second law can be written 
in the simple form:  

𝜕𝑐

𝜕𝑡
= 𝐷0

𝜕2

𝜕𝑥2 (5) 

in which D0  is the constant coefficient of diffusion. The 
solution of the differential equation is presented above, 
for a semi-infinite domain with a uniform concentration 
at the structural surface, is given by: 

𝐶(𝑥, 𝑡)  =  𝐶0 𝑒𝑟𝑓𝑐 [𝑥/(2√𝐷0𝑡] (6) 

where C0 is the chloride concentration at the structural 
surface supposed constant in the time; erfc is the com-
plementary error function. Here, Eq. (6) is used to eval-
uate the chloride concentration, C(x, t), at a given depth 
and time into reinforced concrete structures. 

The random variables Ccr, C0, x, Dc can be generated by 
Monte Carlo Simulation and thus reliability index and 
probability of failure are calculated according to the fol-
lowing formulas. 

𝛽 =
𝜇𝐶𝑐𝑟−𝜇𝐶(𝑥,𝑡)

√𝑆𝐷𝐶𝑐𝑟
2 +𝑆𝐷𝐶(𝑥,𝑡)

2
  (7) 

𝑃(𝑓) = 𝜑(−𝛽) (8) 

φ = Standard normal distribution, β = Reliability index. 
 
The probability of failure for a particular damage level 

will indicate the condition rating for a specific age of 
structure while the inspection is done. This probability 
of failure is used in transition probability matrix (TPM). 

If five states of transition is considered, TPM matrix 
takes the following form: 

𝑃 =

[
 
 
 
 
𝑝11 𝑝12 0 0 0
0 𝑝22 𝑝23 0 0
0 0 𝑝33 𝑝34 0
0 0 0 𝑝44 𝑝45

0 0 0 0 1 ]
 
 
 
 

 (9) 

where P11, P22, P33, P44 probability that the process will 
remain in the existing condition state. P12, P23, P34, P45 
probability that the process will pass into a higher con-
dition state P55=1 because the element cannot pass from 
condition state 5 to any other condition state.

Table 1. Condition rating of concrete. 

Failure Extent Condition Rating Damage Level Action Required 

Safe 0 Ccr <0.2 No Maintenance 

Fair 1 0.3 > Ccr ≥ 0.2 Repair 

Poor 2 0.4 > Ccr ≥ 0.3 Repair 

Critical 3 0.8 > Ccr ≥ 0.4 Repair 

Failure 4 Ccr ≥ 0.8 Replacement 

4.3. Repairing option 

The maintenance policy can be described as “when 
the system hits state i, recovers it back to state j”. 

𝑆𝑡 = 𝑟(𝑅𝑃)𝑡 (10) 

R=Repair matrix. 
 
Repair action against deterioration of bridge can be 

represented by matrix form. However, the repair matrix 
is also a square matrix like TPM with same number of 

rows and columns as number of condition states are con-
sidered. In case of repair matrix, the elements above the 
diagonal are zero because repair action means the im-
provement of condition from deteriorating condition to 
good condition e.g. improvement from  

 

3       1, 3      2, 2      1 

So, in repair matrix, there will be elements correspond-
ing to those state transition only and other value will be 
equal to zero. Three types of repair matrix are used for im-
provement of bridge deterioration which are shown below: 
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Repair Matrix 3: 
 

 1 2 3 4 5 

1 1 0 0 0 0 

2 0 1 0 0 0 

3 0 0 1 0 0 

4 0 0 1 0 0 

5 0 0 1 0 0 

 

In this matrix, the value of elements 1-1, 2-2, 3-3 is 1 
which means there will not be any change in this repair. 
Bridge element condition in state 4, 5 will be improved 
to state 3. 

 
Repair Matrix 5: 

 

 1 2 3 4 5 

1 1 0 0 0 0 

2 0 1 0 0 0 

3 0 0.95 0.05 0 0 

4 0 1 0 0 0 

5 0 1 0 0 0 

 

In this matrix, probability of elements 1-1 and 2-2 is 1 
which means there will be no change in state. There is a 
probability that the 95% of bridge will be improved to 
state 2 from state 3 and all the bridges from states 4 and 

5 will be improved to state 2. It is costlier than the previ-
ous repair matrix. 

 
Repair Matrix 7: 

 

 1 2 3 4 5 

1 1 0 0 0 0 

2 0.95 0.05 0 0 0 

3 0.9 0.05 0.05 0 0 

4 0 0 0 0 0 

5 0 0 0 0 0 

 

In this matrix, bridges in state 1 will remain in the 
same state as the probability is 1. 95% of bridges in state 
2 will be improved to state 1. Bridges in state 3, there are 
5% of bridges remain in the same state, 5% will be im-
proved to state 2 and the remaining 90% will be im-
proved to state 1. Bridges in state 4 and 5 will directly 
improve to state 1 as the probability is 1. It is costlier 
than the other two repair options. 

If there is no maintenance, then system will deterio-
rate towards the “fail” state eventually. However, with 
appropriate maintenance interventions the system be-
haves periodically in the long run. Following is an exam-
ple of maintenance policy (Fig. 1). 

There are various state improvements of the structure 
in the above chart according to the consideration of differ-
ent types of repairing. The structure has to be replaced when 
only it reaches to state 4 to come back to state 0 (Fig. 2).

 
Fig. 1. Improvement capacity of RM 3, RM 5, RM 7 repair options.

5. Results and Discussions  

In this paper, five types of concrete of different failure 
probabilities are used. The concrete of less failure prob-
ability is considered as stronger concrete. Repair options 
3, 5, 7 are used to satisfy the dynamic expected condi-
tion. 

Assuming, the costs for repair matrix 3, 5, 7 are 200 
units, 500 units & 800 units respectively.  
 
For C1 type concrete (0.98-0.02) 

 Here, 0.02 is the critical chloride concentration. The 
more the critical concentration, the less the stronger 
concrete. 

Fig 3. shows bridge deterioration probability for C1 
type concrete. It is stronger concrete and its remaining 
rate in its present state is 98%. Its rate going to next 
higher state is 2%. Fig. 3 shows that, C1 type concrete 
requires two of RM 3, one of RM 5 and one of RM 7 to 
satisfy the expected critical failure probability 0.3.    
 
For C2 type concrete (0.90-0.10) 

Here, 0.10 is the critical chloride concentration. As the 
value is small, so C2 type concrete is stronger concrete. 

Fig. 4 shows bridge deterioration probability for C2 
type concrete. It is stronger concrete and its remaining 
rate in its present state is 90%. Its rate going to next 
higher state is 10%. Fig. 4 shows that, C2 type concrete 

0 1 2 3 4 

RM 7 

RM  

RM 5 

RM 3 
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requires three of RM 3, two of RM 5 and one of RM 7 to 
satisfy the expected critical failure probability 0.3.  
 
For C3 type concrete (0.80-0.20)  

Here, 0.20 is the critical chloride concentration. As the 
value is average, so C3 type concrete is average concrete. 

Fig. 5 shows bridge deterioration probability for C3 
type concrete. It is average concrete and its remaining 
rate in its present state is 80%. Its rate going to next 
higher state is 20%. Fig. 5 shows that, C3 type concrete 
requires four of RM 3, four of RM 5 and two of RM 7 to 
satisfy the expected critical failure probability 0.3.  
 
For C4 type concrete (0.70-0.30)  

Here, 0.30 is the critical chloride concentration. As the 
value is large, so C4 type concrete is weakest concrete. 

Fig. 6 shows bridge deterioration probability for C4 
type concrete. It is weaker concrete and its remaining 
rate in its present state is 70%. Its rate going to next 
higher state is 30%. Fig. 6 shows that, C4 type concrete 
requires nine of RM 3, four of RM 5 and two of RM 7 to 
satisfy the expected critical failure probability 0.3.  
 
For C5 type concrete (0.60-0.40) 

Here, 0.40 is the critical chloride concentration. As the 
value is largest, so C5 type concrete is weakest concrete. 

Fig. 7 shows bridge deterioration probability for C5 
type concrete. It is weakest concrete and its remaining 
rate in its present state is 60%. Its rate going to next 
higher state is 40%. Fig. 7 shows that, C5 type concrete 
requires nine of RM 3, six of RM 5 and four of RM 7 to 
satisfy the expected critical failure probability.

  

Fig. 2. Work flow of Simulation process of degradation of concrete. 
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Fig. 3. Bridge deterioration probability for C1 type concrete. 

 

Fig. 4. Bridge deterioration probability for C2 type concrete. 

 

Fig. 5. Bridge deterioration probability for C3 type concrete. 
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Fig. 6. Bridge deterioration probability for C4 type concrete. 

 

Fig. 7. Bridge deterioration probability for C5 type concrete. 

 

Fig. 8. Variation of life cycle cost according to strength of concrete. 
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6. Conclusions  

The objective of this paper is to create multiple repair 
scenario from mix repair options and to optimize the life 
cycle cost. A deterministic prediction method will not be 
appropriate for deterioration modelling of bridge com-
ponent. The Markov chain approach appears to offer a 
superior solution by using the percentage prediction 
method to develop the transition matrix. Using the de-
veloped transition matrices, some preliminary conclu-
sions about deterioration of the bridge components can 
be made. 

Fig. 8 shows variation of life cycle cost of five types of 
concrete (stronger to weaker) with specific critical fail-
ure probability with combination of mix repair. Here, we 
can see the life cycle cost for strongest concrete is less 
comparatively weakest concrete. As a result, weakest 
concrete will need a huge amount of cost applying repair 
options to satisfy the dynamic expected critical failure 
probability 0.3. Also for weakest concrete, large num-
bers of repair options are required and for stronger con-
crete, small numbers of repair options are required to 
satisfy the critical failure probability. 
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A B S T R A C T 

When a reinforced structure is exposed to marine environments, chloride-induced 
corrosion occurs and it decreases the durability and performance of the structure. 

The degree of humidity, the presence of cracks, environmental conditions, w/c ratio, 

and cement content are the influencing factors for chloride ion ingress into concrete. 

All of them, w/c ratio and cement content are treated as the most crucial factors on 

diffusion. This paper focus on Molecular Dynamics (MD) simulation method to deter-
mine the diffusion coefficient of chloride ion in concrete. The effect of w/c ratio and 

cement content on the diffusivity of chloride ion is also evaluated. The diffusion co-

efficients are obtained 2.88x10-12 m2/s, 3.13x10-12 m2/s, and 3.61x10-12 m2/s respec-

tively for different w/c ratio of 0.40, 0.45 and 0.50 with constant cement content. 

Again the diffusion coefficient are calculated 4.6x10-12 m2/s, 3.13x10-12 m2/s, 

2.78x10-12 m2/s respectively for different cement content of 300 kg/m3, 350 kg/m3 

and 400 kg/m3 with constant w/c ratio. The simulation results clearly indicate that 

the diffusion coefficient of chlorine was affected by w/c ratio and cement content 

significantly. 
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1. Introduction 

Chloride penetration into concrete is of great im-
portance on the durability of reinforced concrete. When 
a reinforced concrete structure is exposed to marine en-
vironments, chloride-induced corrosion takes place and 
reduces the susceptibility of reinforcement. If a thresh-
old value of chloride content is accumulated with the 
presence of oxygen or moisture content, the corrosion of 
reinforcement will initiate (Al-Gadhib, 2010).  

A high alkaline environment, which is formed by hy-
dration products of cement, creates a passivated film on 
the embedded steel surface. So the surface remains 
chemically stable to protect the steel from corrosion. 
When a certain amount of chloride content penetrates, it 
destroys the alkaline environment and disrupts the pas-
sivated film (Townsend et al., 1981) and steel surface be-
comes vulnerable to initiate corrosion. 

There are several mechanisms to ingress chlorine 
through concrete. In all of the mechanisms, it is assumed 
that diffusion is the most basic phenomenon of chloride 
ion penetration (Erdoǧdu et al., 2004). This diffusion is 
controlled by some external and internal parameters like 
the thickness of cover, pore structure, w/c ratio and ce-
ment content etc. (Al-Gadhib, 2010). Again initiation of 
corrosion time is very much dependent on the diffusivity 
property of concrete.  

The service life of a reinforced concrete structure can 
be reliably predicted by diffusivity of concrete. So the 
determination of diffusion coefficient of chloride ion is 
very essential to analyze chloride-induced corrosion ini-
tiation time as well as predict the service life of a con-
crete structure in a marine environment, deicing salts, 
and coastal areas. 
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2. Theory 

2.1. Chloride penetration 

The concentration of chloride at the surface of embed-
ded steel in concrete as well as chloride ion transport can 
be modeled by Fick’s second law of diffusion. It is fre-
quently used in the following form for one-dimension:  

2

2

x

C
D

t

C









 (1) 

Where C is the total chloride content, t is time and D is 
the diffusion coefficient. The following boundary condi-
tions are considered: 
 a single spatial dimension x, ranging from 0 to 1 for 

the semi-infinite case, 
 C = Co at x = 0 and t > 0 (boundary condition), 
 C = 0 at x > 0 and t = 0 (initial condition). 
where, Co is the initial chloride content, x is the distance 
from edge of the concrete. 

An analytical solution of Eq. (1) has the form: 
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where, Cx is the chloride ion concentration at depth x af-
ter exposure time t for a surface chloride concentration 
of Cs at the concrete surface and the expression erf is the 
Gaussian error function. 

The behavior of concentration of chloride ion in con-
crete structures is adequately described by Eq. (1) and 
its analytical solution. 

2.2. Lennar-Jones pair potential 

Any two molecules at a long separation distance at-
tract each other and when come closer repel each other 
(Hirschfelder et al, 1964). The intermolecular force be-
tween chloride ions i and j separated a distance rij is ex-
pressed by Lennard-Jones pair potential as the following 
equation: 
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where rij is the intermolecular distance, Uij is the poten-
tial energy, ε is the depth of the LJ potential well, σ is the 
collision diameter. 

In computer simulation, the potential must be 
truncated at a point named cutoff radius, Rcut. If the sep-
aration between two molecules becomes greater than 
the cutoff radius, the intermolecular forces between the 
molecules will be zero. Actually, the forces exerted be-
tween two molecules at a large distance are very small 
and it can be neglected (Rapaport, 2004) which helps to 
reduce the computational effort. 

𝑈𝑖𝑗 = {
𝑈𝑖𝑗 ≠ 0, 𝑟𝑖𝑗 ≤ 𝑅𝑐𝑢𝑡

0, 𝑟𝑖𝑗 > 𝑅𝑐𝑢𝑡
 (4) 

2.3. Theory of molecular dynamics 

Molecular Dynamics (MD) is a computer simulation 
process in which physical movements of particles or at-
oms are studied. In this method, particles are allowed to 
interact for a certain period of time, giving a view of the 
motion of particles (Al-matar et al., 2012) 

Molecular dynamics, in its usual form applies numer-
ical integration for Newton’s equation of motion (Nissen, 
2016). 

2

2

dt

rd
mFi   (5) 

where, Fi is net force on the i-th particle, m is mass and r 
is the position vector of the i-th particle. 

By integrating Newton’s equation of motion, new po-
sitions and velocities are obtained after time step Δt. One 
of the most used algorithms is the velocity Verlet algo-
rithm which is used for computing the new positions of 
molecules. 
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where Δt is the time steps in MD simulation. 
 

3. Literature Review 

An enormous experimental and numerical study has 
been seen previously in the determination of the diffu-
sivity of chloride ion through concrete structures based 
on different parameters and methods. Al-Gadhib (2010) 
studied the influence of w/c ratio and binder content on 
chloride ingress in concrete and established a numerical 
model based on finite element method to predict the dif-
fusion of chloride ion into concrete. Erdoğdu et al. 
(2004) determined the apparent diffusion coefficient of 
chloride ion using open-circuit potential measurements 
and showed the time required to initiate corrosion com-
parison between synthetic seawater and NaCl solutions 
exposure. 

Wang et al. (2005) proposed a mathematical model 
for the simulation of electrochemical chloride removal 
(ECR) process to predict the ionic mass transport asso-
ciated with chloride ingress into concrete or hydrated 
cement paste from a saline environment. Li et al. (2015) 
presented a new transport model to describe the pene-
tration of chlorides in cement-based materials with the 
concept of double porosity to reflect the influence of 
pore size distribution on the transport of ionic species in 
porous materials. Nissen (2016) analyzed the sensitivity 
of the input parameters in the fib model for chloride in-
gress and validation of the model for short exposure 
times. the influences of the meso-structural parameters, 
including aggregate distribution, aggregate shape, diffu-
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sivity properties of the ITZ, water/cement ratio and ag-
gregate content. Du et al. (2014) studied using FEM on 
the diffusivity of chloride into concrete. Also corrosion 
rate depends on different w/c ratio presented by 
Wachira (2019). 

In the present study, the transportation of chloride 
ion into concrete under the atmospheric chloride envi-
ronment is investigated. Molecular Dynamics method, a 
widely used plausible simulation method for time de-
pendent response, is carried out to simulate the ingress 
process. Diffusion coefficient of chlorine ion into con-
crete is determined to elucidate the chloride transport 

mechanism. Effects of water-to-cement ratio and cement 
content on the chloride transport and microstructure 
are evaluated. 

4. Methodology 

4.1. Mix proportion 

In our simulation, different types of specimen are 
used which is shown in Table 1. The specimen is consid-
ered as crack free and the cement type is Ordinary Port-
land Cement (OPC).

Table 1. Mix proportion of specimen. 

 
Simulation  

ID 
w/c ratio 

Cement content 
(kg/m3) 

MD simulation  
with constant cement content 

MD1 0.40 

350 MD2 0.45 

MD3 0.50 

MD simulation  
with constant w/c ratio 

MD4 

0.45 

300 

MD2 350 

MD5 400 

4.2. Simulation geometry 

In our MD simulation, we considered a 2D simulation 
cell with a defined grid size. All parameters of the 
simulation cell are shown in Table 2. We calculated the 
total node in our cell 100 which is actually the total num-
ber of particles in our simulation. Chloride environment 
is subjected from one side. The number of chloride ion 
and oxygen ion are calculated using defined w/c ratio, 
cement content and which is shown in Table 3. 

Table 2. Details of parameters in the MD simulation. 

Property Dimensions 

Cell dimensions, μm 15 x 15 

Grid size, μm 1.5 

No of particles 100 

Temperature, K 298 

Cutoff radius, μm 3 

Table 3. Total number of particles. 

Simulation ID 
No of  

Chlorine ion 

No of  

Oxygen ion 

MD1 5 95 

MD2 6 94 

MD3 7 93 

MD4 8 92 

MD5 6 94 

MD6 4 96 

4.3. Simulation setting 

In this work, the NVE (microcanonical) ensemble was 
used in a molecular dynamics simulation to equilibrate the 
total system energy. The time step size was 0.001 s and the 
total number of simulation cycle was 100. So the total sim-
ulation time was 0.1 s. After every 0.01s, all the positions 
of the particles were saved for further calculations. 

At the first of the simulation, we arranged the chloride 
and oxygen particles in our cell. Initial velocities were 
generated from Boltzmann’s distribution and shifted all 
velocities that momentum is zero. To adjust kinetic en-
ergy to the desired value, we rescaled the resulting ve-
locities. The periodic boundary condition was applied 
along the x and y dimensions. 

The interactions between Cl-Cl, Cl-O, and O-O were 
considered and Lennard-Jones pair potential was used to 
determine the intermolecular forces using Eq. (3). The 
interaction between the walls and particles was elimi-
nated. Velocity Verlet algorithm was used to integrate 
Newton's equation of motion using Eq. (6). 

After completing the simulation, Mean Square Displace-
ment (MSD) was calculated using the following equation. 






N

i

trtr
N

MSD
1
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where, N is the total number of particles, r(t) is the posi-
tion of particles after time t, r(t = 0) is the initial position 
of the particles.  

For further analysis, we plotted the MSD vs time curve 
in Microsoft EXCEL and the slope of the curve was also 
determined which is the diffusion coefficient of chloride 
ion. All MD simulation code was written in FORTRAN 95. 
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5. Results and Discussion 

5.1. Effect of w/c ratio on chloride diffusion 

Fig. 1 illustrates the total energy profile of the molecu-
lar dynamics simulation at a temperature of 298 K. The to-
tal energy is the sum of kinetic energy and potential en-
ergy at a certain temperature. From Fig. 1, we can say that 
total energy and kinetic energy remain steady but potential 
energy is fluctuating within the simulation. The kinetic 

energy is positive within a range of 2600 J/mol to 2844 
J/mol approximately. The potential energy is both 
negative and positive within a range of -55 J/mol to 190 
J/mol approximately. Therefore, the total energy is the 
sum of kinetic and potential which comes out to be nearly 
2790 J/mol.So, the conservation of total energy verifies that 
our MD simulation is scientifically plausible and we can use 
it to calculate the diffusion coefficient of chloride ion. 

The Mean Square Displacement (MSD) after every 
time steps is shown in Table 4 for all MD simulation.

 

Fig. 1. Total energy conservation within total simulation time. 

Table 4. Mean Square Displacement (MSD) with varying time steps. 

 MD simulation ID 

Time 

(s) 

MD1 

Δr2 x E-12 (m2) 

MD2 

Δr2 x E-12 (m2) 

MD3 

Δr2 x E-12 (m2) 

MD4 

Δr2 x E-12 (m2) 

MD5 

Δr2 x E-12 (m2) 

.01 0.0042109 0.00421090 0.003699 0.00388257 0.00579376 

.02 0.01620982 0.01620982 0.013888 0.01481927 0.02249039 

.03 0.03455199 0.03455199 0.027284 0.03158704 0.04766204 

.04 0.05942794 0.05942794 0.046844 0.05863773 0.07779074 

.05 0.08939900 0.08939900 0.077533 0.09783581 0.11081360 

.06 0.12073558 0.12073558 0.117699 0.14484510 0.14225333 

.07 0.15468196 0.15468196 0.164876 0.19455749 0.16952453 

.08 0.19222454 0.19222454 0.214346 0.25516860 0.19513153 

.09 0.23538684 0.23538684 0.26537 0.33342304 0.22046513 

.10 0.28534462 0.28534462 0.323554 0.42646436 0.24593148 

MSD versus time curves for all simulations are shown 
in Fig. 2. To calculate the diffusion coefficient of chloride 
ion accurately, linear regression was used to fit the MSD 
curve. The slops of the curves which are desired diffu-
sion coefficient are 2.88x10-12 m2/s, 3.13x10-12 m2/s and 

3.61x10-12 m2/s for MD1, MD2 and MD3 respectively. It 
is clearly seen that, as expected, with the increasing of 
w/c ratio, the higher is the diffusivity of chlorine which 
is presented in Fig. 3 and thus the chloride movement is 
faster.     
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Fig. 2. MSD vs time curve to obtain diffusion coefficient of chloride ion. 

 

Fig. 3. Chloride diffusion coefficient with different w/c ratios.

5.2. Effect of cement content on chloride diffusion 

From MSD versus time curve in Fig. 2, we obtained dif-
fusion coefficient of chloride ion for MD4, MD2, and MD5 
are 4.6x10-12 m2/s, 3.13x10-12 m2/s and 2.78x10-12 m2/s, 
respectively. As expected, the higher the cement content, 
the diffusion coefficient is lower which is shown in Fig. 4 
and thus chloride requires a longer time to reach the 
same level as that for the lower cement content.  

It is clearly seen that the diffusion coefficient of chlo-
rine ion may change significantly with changing of w/c 
ratio and cement content. With increasing the w/c ratio, 
chloride diffusivity is also increased. A similar trend is 
seen for varying cement content in which the lower the 
cement content, the higher the diffusivity which is more 
plausible from simulation results.  

 

6. Conclusions 

This paper deals with MD simulation to determine the 
diffusion coefficient of chlorine ion. Again the effect of 
w/c ratio and cement content on the diffusion coefficient 
of chloride ion into concrete also evaluated. Then the fol-
lowing conclusions are made: 
 With a varying w/c ratio 0.40, 0.45 and 0.50 at a con-

stant cement content, it is evaluated that the diffusion 
coefficient of chloride ion is increased linearly almost 
110% respectively. 

 At a constant w/c ratio and cement content varies 
with 300 kg/m3 to 350 kg/m3, the diffusion coefficient 
of chloride ion is decreased linearly almost 150%. 
Again cement content varies with 350kg/m3 to 400 
kg/m3, it is decreased almost 112% .  
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Fig. 4. Chloride diffusion coefficient with different cement content.
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A B S T R A C T 

The main aim of this research is studying the effect of hot weather on the properties 
of self-compacting concrete and conventional concrete in both fresh and hardened 

state. Also, this research extends to improve the behavior of self-compacting concrete 

in hot weather. The main parameters were surrounding weather temperature (5°C, 

20°C and 35°C), concrete materials temperatures’ (25°C, 50°C), curing temperatures 

(25°C and 50°C) and admixtures (using a retarder). Two stages were carried out to 

achieve the research aim. The behavior of self-compacting concrete compared to con-

ventional concrete was evaluated in the first stage. Based on the first stage, attempts 

to enhance the concrete properties were evaluated in the second stage. Precautions 

on mixing and placing concrete in these climates are considered. Results are a drive 

in terms of; workability tests, compressive strength, splitting tensile strength, and 
flexural strength. Test results showed that self-compacting concrete behavior and 

strengths were better than conventional concrete. Slump test, J-ring and V-funnel test 

were used to evaluate the fresh properties of the self-compacting concrete. Drying 

shrinkage of self-compacting concrete in hot weather were also evaluated. 
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1. Introduction 

Hot weather is the major reason of plastic shrinkage 
and cracks. Those cracks enhance bad chemicals as O2, 
CL-, SO4(-2) and CO2 inside the concrete mix so that those 
cracks are determined the main reason of undesired 
strength results of concrete structures in hot weather 
(Nasir et al., 2016). Factors such as high temperature of 
the surrounding air, low relative humidity, the increase 
in wind speed and the continuous direct solar radiation 
affects badly on concrete at its fresh stage and during 
hardening processes (Al-Amoudi et al., 2007). Plastic 
shrinkage, cracks and strength reduction are results to 
exposing the structure to hot weather which led to the 
increase of concrete mix temperature and evaporation 
rate with a reduction in the structural safety (Ahmadi, 
2000). Attempting to deal with such hard conditions, 
some important precautions must be taken. Self-com-
pacting concrete is a concrete that flows under its own 
weight through restricted sections without segregation 
or bleeding. It's one of the highly workable types of con-
crete which also has high performance and suitable 
strength (EFNARC, 2005). Cooling concrete materials 

before use, the early concrete curing, and using suitable 
curing methods after concrete cast help overcoming 
such hard conditions. The results carried out by Al-Feel 
and Al-Saffar (2009) showed that Self-compacting con-
crete gives high early compressive strengths when tak-
ing previous precautions. 

The nature of SCC is the increasing ratio of fine aggre-
gates (F.A) to coarse ones (C.A) when comparing it to the 
conventional concrete as the ratio is (F.A/C.A = 1.22) so 
that, many practical applications have been discussed in 
researches to make sure that mechanical and durability 
properties are the same like conventional normally vi-
brated concrete especially in the hardened case. In hot 
weather conditions, the recommendations are clearly 
stated in the ACI 2010 (Mouret et al., 2003). The study of 
Park et al. (2017) showed that water contents, hydration 
products and the pore structures are the main affecting 
factors on strengths. The work was carried out under 
typical summer conditions, but the elevated hot temper-
atures didn't affect the early age strengths of concrete. 
On the long term, there was a strength loss because of 
the reduction of hydration and the porosity increase (EF-
NARC, 2005). 
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2. Experimental Program 

The innovation in this research is the comparative 
study of the properties and the behavior of the self-com-
pacting concrete compared to conventional concrete at 
hot weather. Also, how to improve its performance un-
der hot weather. The importance of this research is to 
provide sufficient data for the researchers and engineers 
that concerns in using self-compacting concrete in the 
desert sites or such places with hot weather. 13 mixes 
for each type of concrete were casted.  

2.1. Materials 

The type of used cement is the ordinary Portland ce-
ment CEM I 52.5 N from the Suez factory. The Egyptian 
Standard Specification (E.S.S. 4756-1, 2012) is satisfied. 
The fine aggregate is the natural siliceous sand which 
satisfies the (E.S.S 1109, 2008). The mechanical proper-
ties of fine aggregates are shown on Table 1. The coarse 
aggregate is natural crushed dolomite with a maximum 
size of 10 mm satisfying ASTM C33 (2018), the particles 
were angular and irregular. According to the Egyptian 
code of practice, clean drinking fresh water was used for 
mixing and curing procedures. A high range water re-
ducer for self-compacting concrete as a third generation 

superplasticizer, is used as concrete additive that facili-
tates extreme water reduction, excellent flowability at 
the same time optimal cohesion and highest self-compact-
ing behavior. It meets the requirements of ASTM C494 
Types G and F and BS EN 934 (2012). A highly effective 
super plasticizer with a set retarding effect for producing 
free-flowing concrete in hot climates is used that complies 
with ASTM C494 (2017) Types G and F and BS 5075 
(2012) part 3. Fly ash is also used for producing a proper 
self-compacting mix according to the (E.C.P. 203, 2017). 
The method used for the concrete mix design was the 
CBI. The concrete mixture is designed to give at 28-day a 
compressive strength of 400 kg/m2. The suitable mix de-
sign has the following constituents as shown in Table 2. 

Table 1. Physical and mechanical properties of sand used. 

Description Value 

Volume weight (t/m3) 1.73 

Specific gravity 2.6 

Absorption   (%) 0.78 

Voids ratio   (%) 33.81 

Fineness modulus 2.61 

Table 2. Mix proportions. 

Code 
Water 

(kN/mm3) 

Cement 

(kN/mm3) 

Sand 

(kN/mm3) 

Dolomite 

(kN/mm3) 

F.A. 

(%) 

S.P. 

(%) 

R2004 

(%) 

NC 1.8 4.5 6 11.617 ---- ---- ---- 

SCC 1.53 4.5 9.9 8.2 2 2 ---- 

HNC 1.53 4.5 6.15 11.94 ---- ---- 2 

HSCC 1.53 4.5 9.78 8.1 2 2 2 

NC: Normal concrete, SCC: Self-compacting concrete, HNC: Hot weather normal concrete,  

HSCC: Hot weather self-compacting concrete,  

F.A.: Fly ash; an additive for producing the self-compacting concrete,  

S.P.: A high range water reducer for self-compacting concrete,  

R2004: A highly effective super plasticizer with a set retarding effect 

 

      

Fig. 1. Crushed ice used for cooling mixing water. 
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Fig. 2. Heating mixing materials in the oven.

Each material is weighted accrual for the required ac-
curacy. The surface moisture and the effective absorption 
of aggregate especially sand greatly affect the amount of 
mixing water. It's very important to determine the prop-
erties of aggregate to keep the amount of water content. 
In order to obtain a uniform concrete mix, mixing was per-
formed using a mixer with high efficiency by feeding the 
materials in the proper order. The materials were mixed 
for a proper periods for 2 minutes of normal weather 
mixes and heated in the laboratory oven for about 30 
mins reaching more than 50°C for hot weather mixes.  

Charging sequence is coarse aggregate, fine aggre-
gate, and the cement. After 2 minutes from starting time, 
water of different temperatures (5°C, 20°C and 35°C) 
with any superplasticizer is added to the mix gradually 
the mixer is still rotate after adding water with the su-
perplasticizer for 3 minutes to insure the full mixing of 
the concrete components. Water at 5°C were reached by 
using crushed ice and at 35°C were reached by using 
boiling water leaving it in the laboratory normal weather 
for about 10 mins as shown in Figs. 1 and 2. 

The concrete was charged out from the mixer; the 
slump, j-ring and v-funnel tests were performed to eval-
uate the fresh properties of the self-compacting concrete 
according to Egyptian Standard Specifications (E.S.S.). 
The concrete was placed in the molds. All specimens of 
both normal and self-compacted concrete were kept at 
molds for 24 hours. After 24 hours they were removed 
from the molds and immerged in clean water of temper-
ature of 25°C for curing at 25°C. Other specimens were 
immerged in clean water of 50°C temperature using a 
heater for curing at 50°C until taken out for tested. 

2.2. Testing of hardened concrete 

Three tests were conducted to obtain hardened con-
crete properties as follow: 
1. Compressive strength test using 78 concrete cubes of 

100*100*100 mm length for each type of concrete. 
2. Splitting tensile strength test using 52 concrete cylin-

ders of 200 mm length and 100 mm diameter for each 
type of concrete.   

3. Flexural strength test using 26 concrete prisms of 500 
mm length and a cross-section of 100 mm for each 
type of concrete. 

4. Dry shrinkage test using 26 concrete prisms of 250 
mm length and a cross-section of 70 mm for each type 
of concrete as shown in Table 3. 
 

3. Results and Discussion 

3.1. Fresh properties 

As shown in Fig. 3 and Table 4, the results comply 
with Salhi et al. (2017). The properties of fresh self-com-
pacting concrete are affected by the hot weather condi-
tions. The concrete temperature rises and the setting 
time of concrete decreases resulting in increasing the hy-
dration rate at early ages. The more the decreasing set-
ting time, the more difficult of concrete compacting. 

3.2. Compressive strength 

The compressive strength of self-compacting con-
crete in hot weather has higher values at early ages as 
the structure of C-S-H gel is modified in the cement, but 
at later ones decreased values are noticed compared to 
normal conditions mortar as the results obtained by 
Madduru et al. (2016). In hot weather, the high temper-
atures accelerate the hydration products causing a hy-
dration product shell that is more dense around the 
clinker particles that still anhydrite (Shuai et al., 2016). 

The effect of mixing water temperatures on the com-
pressive strength of the different concrete mixes; 

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 4 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
5°C. Fig. 4(a) illustrates that the compressive strength in-
creases with the age. Mixes cured at 25°C and 50°C have 
a compressive strength slightly less than that of control 
mix. The compressive strength of the mixes cured at 
50°C is greater than that at 25°C only at early ages (7-
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days) by about 23.8%, but at later ages it was less than 
that at 25°C by about 9% at (28-days) and 4.6% at (56-
days). That is due to the difference of concrete tempera-
ture, mixing water temperature and the surrounding 
temperature making cracks in concrete appear in the re-
sults at late ages. Fig. 4(b) has the same trending condi-
tions, but the concrete type is different as the self-com-
pacting concrete is the case of study. The results of com-
pressive strength at (7-days) for the cured mixes at 50°C 
are greater than that at 25 by about 20%, less than that 
at 25°C by about 10% at (28-days) and less than that at 
25°C by about 12% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

   At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 1.4% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-
sive strength of (SCC) increased by about 1.75% com-
pared to that of the conventional concrete. At 56-days 
tests, the average compressive strength of (SCC) in-
creased by about 5% compared to that of the conven-
tional concrete. 

Table 3. Shrinkage of conventional and self-compacting concrete. 

Mixes 
Shrinkage 

(%) 

NC. Materials at   25°C, Mixing water at 5°C 0.049 

NC. Materials at   25°C, Mixing water at 20°C  0.051 

NC. Materials at   25°C, Mixing water at 35°C  0.050 

SCC. Materials at   25°C, Mixing water at 5°C  0.098 

SCC. Materials at   25°C, Mixing water at 20°C  0.057 

SCC. Materials at   25°C, Mixing water at 35°C 0.064 

NC. Materials at   50°C, Mixing water at 5°C  0.072 

NC. Materials at   50°C, Mixing water at 20°C  0.049 

NC. Materials at   50°C, Mixing water at 35°C  0.010 

SCC. Materials at   50°C, Mixing water at 5°C  0.067 

SCC. Materials at   50°C, Mixing water at 20°C  0.153 

SCC. Materials at   50°C, Mixing water at 35°C  0.105 

NC. Materials at   50°C, Mixing water at 35°C and using a retarder 0.067 

SCC. Materials at   50°C, Mixing water at 35°C and using a retarder  0.115 

Table 4. Fresh properties of self-compacting concrete. 

Mixes 

Slump J-Ring V-Funnel 

Davg 

(cm) 

T (50cm) 

(sec.) 

Davg 

(cm) 

H 

(cm) 

To 

(sec.) 

T (after 5mins) 

(sec.) 

Materials at 25°C, Mixing water at 5°C    70 4.5 53 1.4 8 11 

Materials at 25°C, Mixing water at 20°C 75 3.5 75 2 7 10 

Materials at 25°C, Mixing water at 35°C  72 2.5 71 1.8 6 9 

Materials at 50°C, Mixing water at 5°C    69 4 52 1.7 10 12 

Materials at 50°C, Mixing water at 20°C 70 3 63 1.75 6.5 8.5 

Materials at 50°C, Mixing water at 35°C  67 2 65 2 6 7.5 

Materials at 50°C, Mixing water at 35°C 
and using a retarder     

74 2 72 1.85 5 7 
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Fig. 3. Fresh properties of self-compacting concrete. 

         

Fig. 4. Relationship between compressive strength and age using mixing materials at 25°C and mixing water at 5°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 5 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
20°C. Fig. 5(a) illustrates that the compressive strength 
increases with the age. Mixes cured at 25°C and 50°C 
have a compressive strength slightly less than that of 
control mix. The compressive strength of the mixes 
cured at 50°C is greater than that at 25°C only at early 
ages (7-days) by about 11%, but at later ages it was less 
than that at 25°C by about 5% at (28-days) and 7% at 
(56-days). That is due to the difference of concrete tem-
perature, mixing water temperature and the surround-
ing temperature making cracks in concrete appear in the 
results at late ages. Fig. 5(b) has the same trending con-
ditions, but the concrete type is different as the self-

compacting concrete is the case of study. The results of 
compressive strength at (7-days) for the cured mixes at 
50°C are greater than that at 25 by about 13%, less than 
that at 25°C by about 6% at (28-days) and less than that 
at 25°C by about 8% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 2.63% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-
sive strength of (SCC) increased by about 1% compared 
to that of the conventional concrete. At 56-days tests, the 
average compressive strength of (SCC) increased by 
about 2.7% compared to that of the conventional con-
crete.   

(a) (b) 
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Fig. 5. Relationship between compressive strength and age using mixing materials at 25°C and mixing water at 20°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 6 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
35°C. Fig. 6(a) illustrates that the compressive strength 
increases with the age. Mixes cured at 25°C and 50°C 
have a compressive strength slightly less than that of 
control mix. The compressive strength of the mixes 
cured at 50°C is greater than that at 25°C only at early 
ages (7-days) by about 12%, but at later ages it was less 
than that at 25°C by about 13% at (28-days) and 14% at 
(56-days). That is due to the difference of concrete tem-
perature, mixing water temperature and the surround-
ing temperature making cracks in concrete appear in the 
results at late ages. Fig. 6(b) has the same trending con-
ditions, but the concrete type is different as the self-com-

pacting concrete is the case of study. The results of com-
pressive strength at (7-days) for the cured mixes at 50°C 
are greater than that at 25°C by about 10%, less than that 
at 25°C by about 13% at (28-days) and less than that at 
25°C by about 12% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 2.3% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-
sive strength of (SCC) increased by about 2.25% com-
pared to that of the conventional concrete. At 56-days 
tests, the average compressive strength of (SCC) in-
creased by about 4% compared to that of the conven-
tional concrete.

         

Fig. 6. Relationship between compressive strength and age using mixing materials at 25°C and mixing water at 35°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 7 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 
25°C, 50°C and control mix using mixing water tem-
perature at 5°C. Fig. 7(a) illustrates that the compres-
sive strength increases with the age, mixes cured at 
25°C and 50°C have a compressive strength slightly 
close to each other and the compressive strength of 
the control mix obviously is greater than other mixes. 
It's greater than the mixes cured at 25°C by about 
237% at (7-days), 119% at (28-days) and 100% at 

(56-days) and also greater than mixes cured at 50°C 
by 145% about at (7-days), 139% at (28-days) and 
113% at (56-days).                                                                                                                              

Fig. 7(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The control mix is greater than 
the mixes cured at 25°C by about 129% at (7-days), 81% 
at (28-days) and 65% at (56-days) and also greater than 
mixes cured at 50°C by about 128% at (7-days), 100%  at 
(28-days) and 76% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

(a) (b) 

(a) (b) 
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At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 12% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-

sive strength of (SCC) increased by about 10.8% com-
pared to that of the conventional concrete. At 56-days 
tests, the average compressive strength of (SCC) in-
creased by about 13.75% compared to that of the con-
ventional concrete.

         

Fig. 7. Relationship between compressive strength and age using mixing materials at 50°C and mixing water at 5°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 8 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
20°C. Fig. 8(a) illustrates that the compressive strength 
increases with the age, mixes cured at 25°C and 50°C 
have a compressive strength slightly close to each other 
and the compressive strength of the control mix obvi-
ously is greater than other mixes. It's greater than the 
mixes cured at 25°C by about 200% at (7-days), 97% at 
(28-days) and 50% at (56-days) and also greater than 
mixes cured at 50°C by 125% about at (7-days), 132% at 
(28-days) and 62% at (56-days). Fig. 8(b) also has the 
same trending conditions, but the concrete type is differ-
ent as the self-compacting concrete is the case of study. 

The control mix is greater than the mixes cured at 25°C 
by about 111% at (7-days), 56% at (28-days) and 35% 
at (56-days) and also greater than mixes cured at 50°C 
by about 89% at (7-days), 66%  at (28-days) and 55% at 
(56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

At 7-days tests, the results of self-compacting concrete 
specimens are always greater than conventional ones. 
The average compressive strength of (SCC) increased by 
about 14.6% compared to that of the conventional con-
crete. At 28-days tests, the average compressive strength 
of (SCC) increased by about 17% compared to that of the 
conventional concrete. At 56-days tests, the average 
compressive strength of (SCC) increased by about 7.8% 
compared to that of the conventional concrete.

         

Fig. 8. Relationship between compressive strength and age using mixing materials at 50°C and mixing water at 20°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 9 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
35°C. Fig. 9(a) illustrates that the compressive strength 

increases with the age, mixes cured at 25°C and 50°C 
have a compressive strength slightly close to each other 
and the compressive strength of the control mix obviously 
is greater than other mixes. It's greater than the mixes 
cured at 25°C by about 134% at (7-days), 163% at (28-
days) and 118% at (56-days) and also greater than mixes 

(a) (b) 

(a) (b) 
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cured at 50°C by 110% about at (7-days), 192% at (28-
days) and 140% at (56-days). Fig. 9(b) also has the same 
trending conditions, but the concrete type is different as 
the self-compacting concrete is the case of study. The con-
trol mix is greater than the mixes cured at 25°C by about 
77% at (7-days), 116% at (28-days) and 76% at (56-days) 
and also greater than mixes cured at 50°C by about 66% 
at (7-days), 128%  at (28-days) and 102% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 16% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-
sive strength of (SCC) increased by about 11.7% com-
pared to that of the conventional concrete. At 56-days 
tests, the average compressive strength of (SCC) in-
creased by about 13.3% compared to that of the conven-
tional concrete. 

         

Fig. 9. Relationship between compressive strength and age using mixing materials at 50°C and mixing water at 35°C: 
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 10 shows the relation between age and compres-
sive strength for the (NC) and (SCC) mixes cured at 50°C 
not using a retarder, mixes cured at 50°C using a retarder 
and control mix using mixing water temperature at 35°C. 
Fig. 10(a) illustrates that the compressive strength in-
creases with the age, mixes cured at 50°C using a retarder 
have a compressive strength better than that not using a 
retarder and the compressive strength of the control mix 
obviously is greater than other mixes. It's greater than the 
mixes not using a retarder by about 111% at (7-days), 
192% at (28-days) and 140% at (56-days) and also 
greater than mixes using a retarder by 92% about at (7-
days), 108% at (28-days) and 118% at (56-days). Fig. 
10(b) also has the same trending conditions, but the con-
crete type is different as the self-compacting concrete is 

the case of study. The control mix is greater than the mixes 
not using a retarder by about 66% at (7-days), 128% at 
(28-days) and 101% at (56-days) and also greater than 
mixes using a retarder by about 61% at (7-days), 81% at 
(28-days) and 90% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

At 7-days tests, the results of self-compacting con-
crete specimens are always greater than conventional 
ones. The average compressive strength of (SCC) in-
creased by about 13% compared to that of the conven-
tional concrete. At 28-days tests, the average compres-
sive strength of (SCC) increased by about 10.4% com-
pared to that of the conventional concrete. At 56-days 
tests, the average compressive strength of (SCC) in-
creased by about 9.9% compared to that of the conven-
tional concrete.

          

Fig. 10. Relationship between compressive strength and age using mixing materials at 50°C and mixing water at 35°C 
in addition to a retarder: (a) Normal concrete; (b) Self-compacting concrete.

 
   

  
 

(a) (b) 

(a) (b) 
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Using a retarder had a significant effect on the results 
as shown in Fig. 10, there was an increase by about 9.4% 
and 3% for NC and SCC respectively after 7-days. After 
28-days the increase was by about 40.75% and 25.71% 
for NC and SCC respectively. Finally, when testing after 
56-days, results increased by about 15% and 6.12% for 
NC and SCC respectively. 

3.3. Splitting tensile strength 

Hot weather has the same influences of compressive 
strength results on splitting tensile strength results. Low 
tensile strength results compared to compressive 
strength results are also obtained. The irregular shape of 
crushed aggregates is very important as because of that 
shape water bleeding collects under the pieces of aggre-
gates in an easy way decreasing the bond around that ir-
regular surface and when the tensile force is applied in a 
zone of that irregular shape, cracks immediately develop 
in that zone before the other zones of concrete causing 
the low value of tensile strength. These results were 
complied with the study of (Sampebulu, 2008). 

The effect of mixing water temperatures on the split-
ting tensile strength of the different concrete mixes; 

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 11 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 

25°C, 50°C and control mix using mixing water temper-
ature at 5°C. Fig. 11(a) illustrates that the splitting ten-
sile strength increases with the age. Mixes cured at 
25°C and 50°C have a splitting tensile strength slightly 
less than that of control mix. The splitting tensile of 
cured mixes at 50°C was less than that at 25°C by about 
14% at (28-days) and 13% at (56-days). That is due to 
the difference of concrete temperature, mixing water 
temperature and the surrounding temperature making 
cracks in concrete appear in the results at late ages. 
Fig. 11(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting 
concrete is the case of study. The results of splitting 
tensile strength at (28-days) for the cured mixes at 
50°C, are less than that at 25°C by about 11% and by 
about 11.4% at (56-days). The results of self-compact-
ing concrete specimens are always greater than con-
ventional ones.  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) control 
mix increased by about 3% compared to that of the con-
ventional concrete. The average splitting tensile strength 
of (SCC) cured at 25°C increased by about 4.3% com-
pared to that of the conventional concrete. The average 
splitting tensile strength of (SCC) cured at 50°C in-
creased by about 7.5% compared to that of the conven-
tional concrete.

         

Fig. 11. Relationship between tensile strength and age using mixing materials at 25°C and mixing water at 5°C:  
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 12 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 
25°C (control mix) and cured at 50°C using mixing water 
temperature at 20°C. Fig. 12(a) illustrates that the split-
ting tensile strength increases with the age. The splitting 
tensile of cured mixes at 50°C was less than that at 25°C 
by about 4.5% at (28-days) and 9% at (56-days). That is 
due to the difference of concrete temperature, mixing wa-
ter temperature and the surrounding temperature mak-
ing cracks in concrete appear in the results at late ages. 
Fig. 12(b) also has the same trending conditions, but the 
concrete type is different as the self-compacting concrete 
is the case of study. The results of splitting tensile strength 
at (28-days) for the cured mixes at 50°C, are less than that 
at 25°C by about 4% and by about 7% at (56-days).  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) cured 
at 25°C increased by about 4% compared to that of the 
conventional concrete. The average splitting tensile 
strength of (SCC) cured at 50°C increased by about 4.3% 
compared to that of the conventional concrete. 

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 13 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 25°C, 
50°C and control mix using mixing water temperature at 
35°C. Fig. 13(a) illustrates that the splitting tensile 
strength increases with the age. Mixes cured at 25°C and 
50°C have a splitting tensile strength slightly less than that 
of control mix. The splitting tensile of cured mixes at 50°C 
was less than that at 25°C by about 13.2% at (28-days) and 

(a) (b) 
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13% at (56-days). That is due to the difference of concrete 
temperature, mixing water temperature and the surround-
ing temperature making cracks in concrete appear in the 
results at late ages. Fig. 13(b) also has the same trending 
conditions, but the concrete type is different as the self-
compacting concrete is the case of study. The results of 
splitting tensile strength at (28-days) for the cured mixes 
at 50°C, are less than that at 25°C by about 17% and by 
about 10% at (56-days). The results of self-compacting con-
crete specimens are always greater than conventional ones.  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) control 
mix increased by about 3% compared to that of the con-
ventional concrete. The average splitting tensile strength 
of (SCC) cured at 25°C increased by about 8.3% com-
pared to that of the conventional concrete. The average 
splitting tensile strength of (SCC) cured at 50°C in-
creased by about 7% compared to that of the conven-
tional concrete.

         

Fig. 12. Relationship between tensile strength and age using mixing materials at 25°C and mixing water at 20°C:  
(a) Normal concrete; (b) Self-compacting concrete.

         

Fig. 13. Relationship between tensile strength and age using mixing materials at 25°C and mixing water at 35°C:  
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 14 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 
25°C, 50°C and control mix using mixing water tempera-
ture at 5°C. Fig. 14(a) illustrates that the splitting tensile 
strength increases with the age, mixes cured at 25°C and 
50°C have a splitting tensile strength slightly close to 
each other and the splitting tensile strength of the con-
trol mix obviously is greater than other mixes. It's 
greater than the mixes cured at 25°C by about 42% at 
(28-days) and 44% at (56-days) and also greater than 
mixes cured at 50°C by about 83% at (28-days) and 91% 
at (56-days). This is due to the difference of concrete 
temperature, mixing water temperature and the sur-
rounding temperature making cracks in concrete appear 
in the results at late ages.  

Fig. 14(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The control mix is greater than 
the mixes cured at 25°C by about 28% at (28-days) and 
31% at (56-days) and also greater than mixes cured at 
50°C by about 53% at (28-days) and 63% at (56-days). 
The results of self-compacting concrete specimens are 
always greater than conventional ones.  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) control 
mix increased by about 3% compared to that of the con-
ventional concrete. The average splitting tensile strength 
of (SCC) cured at 25°C increased by about 14% com-
pared to that of the conventional concrete. The average 
splitting tensile strength of (SCC) cured at 50°C in-
creased by about 22% compared to that of the conven-
tional concrete.    

(a) (b) 

(a) (b) 
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Fig. 14. Relationship between tensile strength and age using mixing materials at 50°C and mixing water at 5°C:  

(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 15 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 
25°C, 50°C and control mix using mixing water tempera-
ture at 20°C. Fig. 15(a) illustrates that the splitting ten-
sile strength increases with the age, mixes cured at 25°C 
and 50°C have a splitting tensile strength slightly close to 
each other and the splitting tensile strength of the con-
trol mix obviously is greater than other mixes. It's 
greater than the mixes cured at 25°C by about 25% at 
(28-days) and 33% at (56-days) and also greater than 
mixes cured at 50°C by about 65% at (28-days) and 67% 
at (56-days). This is due to the difference of concrete 
temperature, mixing water temperature and the sur-
rounding temperature making cracks in concrete appear 
in the results at late ages.                                                      

Fig. 15(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The control mix is greater than 
the mixes cured at 25°C by about 12% at (28-days) and 
21% at (56-days) and also greater than mixes cured at 
50°C by about 40% at (28-days) and 49% at (56-days). 
The results of self-compacting concrete specimens are al-
ways greater than conventional ones. The average split-
ting tensile strength of (SCC) control mix increased by 
about 3% compared to that of the conventional concrete.  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) cured 
at 25°C increased by about 13.7% compared to that of 
the conventional concrete. The average splitting tensile 
strength of (SCC) cured at 50°C increased by about 
17.8% compared to that of the conventional concrete.

         

Fig. 15. Relationship between tensile strength and age using mixing materials at 50°C and mixing water at 20°C:  
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 16 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 
25°C, 50°C and control mix using mixing water tempera-
ture at 35°C. Fig. 16(a) illustrates that the splitting ten-
sile strength increases with the age, mixes cured at 25°C 
and 50°C have a splitting tensile strength slightly close to 
each other and the splitting tensile strength of the con-
trol mix obviously is greater than other mixes. It's 
greater than the mixes cured at 25°C by about 57% at 
(28-days) and 64% at (56-days) and also greater than 

mixes cured at 50°C by about 100% at (28-days) and 
112% at (56-days). This is due to the difference of con-
crete temperature, mixing water temperature and the 
surrounding temperature making cracks in concrete ap-
pear in the results at late ages.                                                             

Fig. 16(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The control mix is greater than 
the mixes cured at 25°C by about 44% at (28-days) and 
46% at (56-days) and also greater than mixes cured at 
50°C by about 65% at (28-days) and 75% at (56-days). 
The results of self-compacting concrete specimens are 

(a) (b) 

(a) (b) 
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always greater than conventional ones. The average 
splitting tensile strength of (SCC) control mix increased 
by 3% compared to that of the conventional concrete.  

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) cured 
at 25°C increased by about 14.3% compared to that of 
the conventional concrete. The average splitting tensile 
strength of (SCC) cured at 50°C increased by about 25% 
compared to that of the conventional concrete.

         

Fig. 16. Relationship between tensile strength and age using mixing materials at 50°C and mixing water at 35°C:  
(a) Normal concrete; (b) Self-compacting concrete.

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 17 shows the relation between age and splitting 
tensile strength for the (NC) and (SCC) mixes cured at 
50°C not using a retarder, mixes cured at 50°C using a 
retarder and control mix using mixing water tempera-
ture at 35°C. Fig. 17(a) illustrates that the splitting ten-
sile strength increases with the age, mixes cured at 50°C 
using a retarder have a splitting tensile strength better 
than that not using a retarder and the splitting tensile 
strength of the control mix obviously is greater than 
other mixes. It's greater than the mixes not using a re-
tarder by about 100% at (28-days) and 112% at (56-
days) and also greater than mixes using a retarder by 
70% at (28-days) and 71.5% at (56-days). 

Fig. 17(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The control mix is greater than 
the mixes not using a retarder by about 66% at 64% at 
(28-days) and 75% at (56-days) and also greater than 

mixes using a retarder by about 44%  at (28-days) and 
56% at (56-days). 

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The average splitting tensile strength of (SCC) control 
mix increased by about 3% compared to that of the con-
ventional concrete. The average splitting tensile strength 
of (SCC) using a retarder increased by about 16.5% com-
pared to that of the conventional concrete. The average 
splitting tensile strength of (SCC) cured at 50°C in-
creased by about 25% compared to that of the conven-
tional concrete.         

Using a retarder to improve the obtained results 
made its job as shown in Fig. 17. There was an increase 
by about 18.15% for NC and 14.31% for SCC after 28-
days. Also when testing after 56-days, there was an in-
crease by about 24% for NC and 11.86% for SCC. The re-
sults of self-compacting concrete specimens are always 
greater than conventional ones.

         

Fig. 17. Relationship between tensile strength and age using mixing materials at 50°C and mixing water at 35°C  
in  addition to a retarder: (a) Normal concrete; (b) Self-compacting concrete.

  

(a) (b) 

(a) (b) 
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3.4. Flexural strength 

The effect of hot weather on the flexural strength of 
self-compacting concrete is clear as discussed in the fol-
lowing figures. These results comply with the work of 
Madi. et al. (2017).  

The effect of mixing water temperatures on the flex-
ural strength of the different concrete mixes; 

First, the same concrete type and different curing tem-
peratures (25°C, 50°C): 

Fig. 18 shows the relation between mixing water tem-
peratures and flexural strength after 28-days for the 
(NC) and (SCC) mixes. Fig. 18(a) shows the flexural 
strength results after 28-days of conventional concrete 

(control mix) at different mixing water temperatures. 
The Figure illustrates that the flexural strength increases 
at mixing water temperature of 20°C by 14% compared 
to that at 5°C. It also shows that the flexural strength de-
creases at mixing water temperature of 35°C by 26% 
compared to that at 20°C.  

Fig. 18(b) shows the flexural strength results after 28-
days of self-compacting concrete (control mix) at differ-
ent mixing water temperatures. The figure illustrates 
that the flexural strength increases at mixing water tem-
perature of 20°C by 4.7% compared to that at 5°C. It also 
shows that the flexural strength decreases at mixing wa-
ter temperature of 35°C by 21.3% compared to that at 
20°C.

         

Fig. 18. Relationship between flexural strength and age using mixing materials at 25°C and mixing water at 25°C:  
(a) Normal concrete; (b) Self-compacting concrete.

Fig. 19 shows the relation between mixing water tem-
peratures and flexural strength after 28-days for the 
(NC) and (SCC) mixes whose materials are at 25°C and 
cured at 50°C and control mix at different mixing water 
temperatures. Fig. 19(a) illustrates that the flexural 
strength increases at mixing water temperature of 20°C 
by 16.7% compared to that at 5°C. It also shows that the 
flexural strength decreases at mixing water temperature 
of 35°C by 28.6% compared to that at 20°C. The flexural 
strength of the control mix obviously is greater than the 
other mix as it's greater by about 5% at (5°C) of mixing 
water temperature, 3% at (20°C) and 6% at (35°C). This 
is due to the difference of concrete temperature, mixing 

water temperature and the surrounding temperature 
making cracks in concrete appear in the results at later 
ages.   

Fig. 19(b) has the same trending conditions, but the 
concrete type is different as the self-compacting con-
crete is the case of study. The Figure illustrates that the 
flexural strength increases at mixing water temperature 
of 20°C by 13% compared to that at 5°C. It also shows 
that the flexural strength decreases at mixing water tem-
perature of 35°C by 18% compared to that at 20°C. The 
control mix is greater than the other mix by about 16% 
(5°C), 7% at (20°C) and 3% at (35°C).

         

Fig. 19. Relationship between flexural strength and age using mixing materials at 25°C and mixing water at 50°C:  
(a) Normal concrete; (b) Self-compacting concrete.  

 
 

 

(a) (b) 

(a) (b) 
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Fig. 20 shows the relation between mixing water tem-
peratures and flexural strength after 28-days for the 
(NC) and (SCC) mixes whose materials are at 50°C and 
cured at 25°C and control mix at different mixing water 
temperatures. Fig. 20(a) illustrates that the flexural 
strength increases at mixing water temperature of 20°C 
by 9% compared to that at 5°C. It also shows that the 
flexural strength decreases at mixing water tempera-
ture of 35°C by 12.5% compared to that at 20°C. The 
flexural strength of the control mix obviously is greater 
than the other mix as it's greater by about 43.18% at 

(5°C) of mixing water temperature, 50% at (20°C) and 
66% at (35°C).                                                                                                                                  

Fig. 20(b) also has the same trending conditions, but 
the concrete type is different as the self-compacting con-
crete is the case of study. The figure illustrates that the 
flexural strength increases at mixing water temperature 
of 20°C by 12% compared to that at 5°C. It also shows 
that the flexural strength decreases at mixing water tem-
perature of 35°C by 13.3% compared to that at 20°C. The 
control mix is greater than the other mix by about 26.8% 
at (5°C), 18.7% at (20°C) and 7.7% at (35°C).

         

Fig. 20. Relationship between flexural strength and age using mixing materials at 50°C and mixing water at 25°C:  
(a) Normal concrete; (b) Self-compacting concrete.

Fig. 21 shows the relation between mixing water tem-
peratures and flexural strength after 28-days for the 
(NC) and (SCC) mixes whose materials are at 50°C and 
cured at 50°C and control mix at different mixing water 
temperatures. Fig. 21(a) illustrates that the flexural 
strength increases at mixing water temperature of 20°C 
by 7.3% compared to that at 5°C. It also shows that the 
flexural strength decreases at mixing water temperature 
of 35°C by 13.6% compared to that at 20°C. The flexural 
strength of the control mix obviously is greater than the 
other mix as it's greater by about 53.7% at (5°C) of mix-
ing water temperature, 63% at (20°C) and 39.47% at 

(35°C). This is due to the difference of concrete temper-
ature, mixing water temperature and the surrounding 
temperature making cracks in concrete appear in the re-
sults at late ages. Fig. 21(b) also has the same trending 
conditions, but the concrete type is different as the self-
compacting concrete is the case of study. The figure illus-
trates that the flexural strength increases at mixing water 
temperature of 20°C by 6.45% compared to that at 5°C. It 
also shows that the flexural strength decreases at mixing 
water temperature of 35°C by 16% compared to that at 
20°C. The control mix is greater than the other mix by 
about 37% (5°C), 34.8% at (20°C) and 27.3% at (35°C).

         

Fig. 21. Relationship between flexural strength and age using mixing materials at 50°C and mixing water at 50°C:  
(a) Normal concrete; (b) Self-compacting concrete.

Second, the same curing temperature and different con-
crete types (NC, SCC): 

The previous results of flexural strength was con-
ducted out of four stages, first one having the best results 

due to its ideal conditions was when the mixing materi-
als at 25°C and the curing also at 25°C as shown in Fig. 
18. Comparing the second stage (mixing materials at 
25°C and the curing at 50°C) as shown in Fig. 19 to the 

(a) (b) 

(a) (b) 
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first stage; the flexural strength of (SCC) decreased by 
about 14% when mixing water was at 5°C, by about 
6.75% when mixing water was at 20°C and by about 
2.3% when mixing water was at 35°C, The flexural 
strength of (NC) decreased by about 4.7% when mixing 
water at 5°C, by about 2.8% when mixing water was at 
20°C and by about 5.7% when mixing water was at 35°C. 

Comparing the third stage (mixing materials at 50°C 
and the curing at 25°C) as shown in Fig. 20 to the second 
stage shown in Fig. 19; the flexural strength of (SCC) de-
creased by about 8.2% when mixing water was at 5°C, by 
about 9.6% when mixing water was at 20°C and by about 
4.4% when mixing water was at 35°C, The flexural 
strength of (NC) decreased by about 2.7% when mixing 
water at 5°C, by about 7.6% when mixing water was at 
20°C and by about 16% when mixing water was at 35°C. 

Comparing the fourth stage having the worst results 
because of its aggressive conditions (both the mixing 
materials and curing at 50°C) as shown in Fig. 21 to the 
third stage as shown in Fig. 20; the flexural strength of 
(SCC) decreased by about 7.5% when mixing water was 
at 5°C, by about 12% when mixing water was at 20°C and 
by about 15.4% when mixing water was at 35°C, The 
flexural strength of (NC) decreased by about 6.8% when 
mixing water at 5°C, by about 8% when mixing water 
was at 20°C and by about 9.5% when mixing water was 
at 35°C. 

Using the retarder had significant increase on the flex-
ural strength results by about 6.78% for (NC) and 
13.33% for (SCC) as shown in Fig. 22. The average flex-
ural strength of the (SCC) is higher than that of the (NC) 
by 39%. 

 

Fig. 22. Relationship between flexural strength and 
concrete mixes (conventional concrete and self-com-

pacting) using mixing materials at 50°C and curing  
temperature of 50°C in addition to a retarder. 

3.5. Concrete drying shrinkage 

The curing time for concrete has a little significant ef-
fect on concrete drying shrinkage (Neville, 1996). The 
process of concrete drying shrinkage continues for years 
(Troxel et al., 1958). The results of the concrete drying 
shrinkage were obtained according to ASTM 
C157/C157M (2008). The results are shown in Table 3. 
There are many factors affecting the drying shrinkage 
which are the properties of the mixing materials, the en-
vironmental influences and the construction practices. It 

was found that the problem of losing moisture from the 
fresh concrete in hot weather because of evaporation. 
This problem leading to drying shrinkage cracking espe-
cially at early-ages can be minimized using shrinkage re-
ducing admixtures (Bentz, 2006). 

Studies made by Lura et al. (2011) have concluded 
that curing temperature plays an important role affect-
ing the shrinkage of concrete. After 6-days of pouring, 
the shrinkage was 10µm/m when the curing tempera-
ture was 40°C and at 30°C, the shrinkage value was 
lower. 

Mounanga et al. (2006) have found from their studies 
that shrinkage increases with temperature to a limit as 
when they measured it at curing temperature of 50°C 
was less than that at curing temperature of 40°C, they 
have stated that was because of structural, physical and 
chemical change of hydrates that are different from 
those measured at lower temperatures. 

The tendency of both micro and macro cracks to in-
crease occurs at elevated temperatures and this pays an 
important role in the increase of the total shrinkage of 
concrete (Maruyama and Teramoto, 2013) 

The total shrinkage of concrete at curing temperature 
of 25 °C was more than that at curing temperature of 50 
°C and that is because the potential of different reactions 
of cement and their relationships with cement and also 
the hydration mechanism (Jiang et al., 2014). 

Test results showed that (SCC) concrete had better 
shrinkage average values compared to (NC) concrete 
when concrete materials were at 25°C and also when the 
concrete materials were at 50°C. At elevated ambient 
temperatures concrete shrinkage values were less than 
those at normal temperatures for (NC). In such hot 
weather conditions, concrete setting time is decreased 
and the hardening process occurs fast minimizing the 
probability of shrinkage compared to that at normal 
weather conditions.  (SCC) shrinkage values were a little 
bit higher than those at normal temperatures. The re-
tarder had a high effect increasing the shrinkage values 
of (NC) at hot weather while a significant increase on 
(SCC) shrinkage values. 

 

4. Conclusions 

The results present:  
 The best performance of the two types of concrete 

even under high temperatures of either materials or 
curing are self-compacting concrete and conventional 
concrete respectively. 

 The early curing of the specimens and covering them 
by burlap that also kept as wet as possible improves 
the properties of concrete. 

 The compressive strength, splitting tensile strength 
and flexural strength at later ages shows that the cur-
ing compound is better than normal way of curing 
(water curing). 

 Most un-desired results are those that were cured at 
50°C and mixed of materials at 50°C, too. 

 A retarder effect is very important to improve the 
properties of concrete especially in the most critical 
case of (materials temperature is at 50°C and curing 
temperature is also at 50°C). 
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The recommendations are: 
 It should be clear that hot weather conditions have se-

vere effects on both conventional and self-compacting 
concrete properties. As a result avoiding casting and 
curing at morning especially noon times in hot cli-
mates is a must. 

 Using admixtures is the most helpful solution to over-
come these undesired results of concrete properties.  

 Types and dosages of admixtures especially retarders 
are the most important recommendations for any fur-
ther work. 

 New techniques or mixing more than a method for 
curing concrete in these hard conditions are also a re-
markable cases of study. 
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