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Assessing Experimental Relationships and Numerical Modeling for Predicting
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Abstract Review History

This study examines the hydraulic relationships provided for piano-key weirs. The hydraulic Received: Mar 25, 2025
relationships presented by researchers in various sources include multiple geometric parameters  Revised: Aug 9, 2025
in some cases, while others focus only on a limited number of these parameters. In the first step, Accepted: Nov 8, 2025
using the RSM-CCD method and data from Anderson's study (2011), the discharge coefficient

relations were derived in the relative head ranges of 0.1-0.2 and 0.2-0.9, with a total of 18 data Keywords

points. In the second step, through laboratory and numerical model designs, the derived Piano key weir,
relationship using the RSM-CCD method was compared and evaluated against other hydraulic  pjscharge coefficient
relationships for piano-key weirs. This comparison was done using statistical indices and the RSM-CCD
discharge-head ratio charts. The statistical index values obtained from generalizing the discharge .

coefficient relation using the RSM-CCD method to Anderson's (2011) 115 laboratory data points EXPerimental model
were R2 = 0.9985, MAE = 0.0034, and RMSE = 0.0041, indicating the accuracy of this method, Numerical model
despite using fewer data points. Evaluation of the hydraulic relationships presented for predicting

the discharge coefficient of the physical model of the studied piano-key weir, using statistical

indices, shows the good performance of the relationships by Liet-Ribeiro et al. (2012) and

Michaels (2012). The Rz, MAPE, and RMSE values for these two relationships are 0.99, 5.05%,

0.063, and 0.96, 6.8%, 0.071, respectively. Comparison of the discharge-head ratio charts derived

from the RSM-CCD method and laboratory models shows that the accuracy of this relationship

increases with increasing relative flow head. The MAPE values for the relative head ranges of

0.1-0.3 and 0.3-0.8 were 11% and 1.25%, respectively, which can be considered when predicting

discharge at high relative heads.

* Corresponding Author Email: safarzadeh@modares.ac.ir - ORCID: 0000-0003-4515-2078
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Table 2. Range and levels of the factors
in RSM-CCD (H/P=0.2-0.9)

Factors -B -1 0 +1 +B

®)

w;
(—) 067 079 109 138 15
Wo

0.2 0303 055 0.797 0.90

oy el 6)1Kﬁ}j5~)ﬁ}@ulﬁ4{a“mﬁﬁcjb AgPRES
N=/Y edds RSM-CCD

Table 3. RSM-CCD plan in actual and coded values along with
the response (H/P=0.1-0.2)

(H) <Wi)
P Wo cd
Actual Coded Actual Coded
value value value value
1 0.115 -1 0.79 -1 0.49025
2 0.115 -1 1.38 +1 0.5318
3 0.185 +1 0.79 -1 0.4354
4 0.185 +1 1.38 +1 0.4839
5 0.150 0 0.67 —B 0.4493
6 0.150 0 15 + 0.5162
7 0.10 —B 1.09 0 0.5215
8 0.20 +B 1.09 0 0.4519
9 0.150 0 1.09 0 0.4959

v:u})d..ua.k;r 6)..&_(7.15);;*51}}.1)@ a‘fo.b‘\.ub.l.,.;:v.:hﬁ Cj.la.m ¥ d‘g.l?
¥=+/A 5 1s RSM-CCD

Table 4. RSM-CCD plan in actual and coded values along with
the response (H/P=0.2-0.9)

& ()
5) W, y
Actual Coded Actual Coded
value value value value
1 0.303 -1 0.79 -1 0.3524
2 0.303 -1 1.38 +1 0.3975
3 0.797 +1 0.79 -1 0.2233
4 0.797 +1 1.38 +1 0.2322
5 0.55 0 0.67 —-B 0.2530
6 0.55 0 15 + 0.2848
7 0.20 —B 1.09 0 0.4429
8 0.90 +B 1.09 0 0.2267
9 0.55 0 1.09 0 0.2773
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Fig. 2. Laboratory modeling equipment (a) The schematic view of
a laboratory flume (b) physical model of the tested piano key weir
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Fig. 3. Details of the Numerical Simulation of the Piano Key Weir
(a) Boundary Conditions and (b) 3D Computational mesh
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Table 6. Statistical Findings from ANOVA: Discharge
Coefficient Relationships for H/P Values between 0.1 and 0.2

Sum of Mean F- P-
Source df
squares square value value
<
Model 0.009 5 0.0019 996 0.0001
Wi <
Wo 0.004 1 0.0043 2249 0.0001
H <
7 0.005 1 0.0051 2661 0.0001
(ﬂ) (E) 0 1 0 637  0.0859
Wo 5’
(%) 0 1 00001 631  0.0042
Wo
H 2
(F) 0 1 0.0001 300  0.0119
Residual 5.695E-6 3 1.898E-6
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Fig. 5. Results Comparison of Numerical Simulation and RSM
Method against Experimental Data: (a) Water Surface Profile

Analysis at H/P = 0.4; (b) Discharge Coefficient Curves for RSM,
Numerical, and Experimental Models
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Table 7. Statistical Findings from ANOVA: Discharge
Coefficient Relationships for H/P Values between 0.2 and 0.9

Source Sum of df Mean F- P-
squares square value value
<
Model 0.040 5 0.008 17558 0.0001
Wi <
Wo 0.001 1 0.001 2971 0.0001
H <
> 0.036 1 0.036 78570 0.0001
(ﬂ) (E) 0 1 0 415  0.0003
Wo %’
(E) 0 1 0 107 0.0019
Wo2
H <
(F) 0.001 1 0.001 3102 o001
Residual 1.379E-6 3  4.596E-7
0.6
0.5 1
=
%0'4_
)
0.3 A
02 T T T
0.2 0.3 0.4 0.5 0.6

C4(Anderson, 2011)
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Fig. 4. Comparision of Discharge Coefficient between RSM
Method and Experimental Data (Anderson 2011)
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5 Cagx  Cawvwy Cawsmy %Diff yum  %Diff psu
0.10 0.805 0.58 0.53 -38.8 -51.9
0.20 0.54 0.51 0.47 -5.9 -149
0.40 0.36 0.37 0.34 2.7 5.9
0.60 0.28 0.30 0.29 6.67 3.44
0.80 0.23 0.26 0.23 11.53 0
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Table 9. Comparison of Statistical Indices for Equations of
Discharge Coefficient in Piano Key Weirs

Reference MAPE RMSE R2
Kabiri-samani & Javaheri(2012) %4056 0.42  0.99
Leite Ribeiro et al. (2012) %5.05  0.063 0.99
Cicero & Delisle (2013) %24.3 036 094
Crookston &Tullis (2018) %4.5 0.075 0.96
Kumar et al. (2020) %98 1.05 091
Michailes (2012) %6.8 0.071 0.96

RSM Method %4.6 0.071  0.95
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Fig. 6. Comparison of discharge coefficient curves between
experimental model and different methods (a)Kabiri- Samani &
Javaheri (2012), (b)Liete Ribeiro & et al. (2012), (c)Crookston &

Tullis(2018), (d)RSM method, (e)Cicero & Delisle(2013), (f)Kumar

et al. (2020) and (g)Michailes(2012)
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Abstract Review History
Nowadays, with the advancement of science and technology and the growing population, Received: Aug 8, 2024
constructing high-rise structures is essential for the optimal use of urban spaces. Diagrid structure  Revised: May 10, 2025
is an extended resistant skeleton based on a framed tube system which has been considered in Accepted: Jul 19. 2025
high-rise building constructions due to its architectural aesthetics and configurational character. pted: '

These general characteristics are demonstrated by reducing the consuming materials by removing  Keywords
columns and applying a grid configuration of diagonal elements. The main structural element in Diagrid Structure
these resistant structures is triangular modules that consist of two diagonal members and a . .
horizontal connecting beam. The triangular modules and the angle of the diagonal members are  Structural Configuration,
two factors affecting the lateral stiffness and efficiency of these structures. Finding the optimal Near-field Record

angle in design is an important step and depends on parameters such as shape, floor height, Incremental Dynamic
aspect ratio, lateral load distribution, and building location for each structure. Analysis (IDA)

The seismic behavior of such a structure is affected by the configuration angle and the axial  Fragility Curve
capacity of the diagonal members. With the dominance of axial function, the diagonal elements
also resist lateral loads caused by wind and earthquakes and also play a key role in limiting the
amplitude of inelastic behavior. Therefore, the seismic performance of diagonal elements would
reduce the process of formation and expansion of nonlinear zones in diagrid structures.
According to the lack of guiding principles for the integrated design of diagrid structures, there is
a high demand for extensive research in collecting comprehensive and effective criteria for
estimating stiffness and strength parameters, establishing dynamic stability, and understanding
how the resilience of these structures changes due to dynamic loads caused by wind and
earthquake.

It should be noted that the destructive effects of large earthquakes quickly lead to human and
financial losses and spread to various economic, social, political, and cultural dimensions of
human society. Considering the continuity of these different dimensions and their influence on
each other, it is important to consider a suitable and coherent multifaceted approach to manage
and reduce the destructive effects of unexpected events. The resilience assessment is one of the

integrated approaches to managing and reducing the destructive effects of disasters. There is an

Seismic Resilience

urgent need to pay attention to the measurement of the resilience index and the construction of
concepts and relationships between scientific research on this index and practical measures,
especially on all types of resistant skeletons. Moreover the explanation of this parameter has been
done mostly in the field of resilience in communities and cities.

In this study, the seismic performance of three 20-story studied diagrid buildings with the
same structural system under a set of near-field records has been evaluated. The particular focus
of this study is on evaluating the effect of the geometry and configuration of the resistant
skeleton on the ground floor and the entrance section on behavioural characteristics. In this
paper, an analytical study has been run on the results of incremental dynamic analysis (IDA),
fragility curve, and the seismic resilience component under the selected earthquake records. The
analytical results of this study show a close convergence between the behavioural characteristics
of all three studied structures.
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Table 1. Section sizes assigned to the beam-columns and the diagrid elements of the studied structures

Storv  Diaarid Element Internal column Internal column Beam Beam
y g (Internal Moment Frame)  (Simple Frame)  (Internal Moment Frame)  (Simple Frame)
1-5 C55x2.5 C70x 3.0 C65 x 2.5 B50x1.5%x35%2.5 B35x1.0x15%2.0
6-10 C48x2.5 C60 x 3.0 C55x3.0 B45x1.5%35%2.5 B35x1.0x15%2.0
11-15 C40x2.5 C55x%x25 C48 x 2.5 B45x1.0x35%2.5 B35x1.0x15%2.0
16-20 C40x1.5 C48x2.0 C40x 2.5 B40x1.0x30%2.0 B35x1.0x15%2.0
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Table 2. Physical specifications of the selected near-field earthquake records

Ground Motion Year Magnitude Distance Component PGA PGV PGD
Station (Mw) (km) P ()] (cm/s)  (cm)
LN 0836 97.70 39.91

1 gabag.t 1978 74 3.0km
abas Lity TR 0.851 121.3 9450
LN 0635 59.60 20.70

2 5 Bag. 2003 6.6 1.0km
am City TR 0.793 1237 37.40
: LN 0.604 7820 16.05

3 S'\I'O”h”ggel_ 1994 6.7 6.4km
ylmar (SYL) TR 0.843 129.6 32.68
- LN 0410 6490 27.69

'”Ee”a' E’ggey 1979 6.5 1.0km
rray (E06) TR 0439 109.8 65.89
: LN 0472 7275 19.82

5 R!\‘Olr:j'.‘”g%es 1994 6.7 7.1km
inaldi (RRS) TR 0.838 166.8 29.78
, LN 0.897 10223 4528

6 S'\:O”h”gg% 1094 6.7 6.4km
ylmar (SCE) TR 0.612 117.47 54.16
: LN 0583 7493 1755

N Nﬁ”ﬁ”ﬂ%ﬁ’m 1094 6.7 5.0km
ewhall (NWH) TR 0.589 97.32 37.92
Loma Prieta LN 0479 4499 1162

! 1989 6.9 5.1km
Corralitos (CLS) TR 0643 5519 10.89
, LN 0221 49.06 33.90

Imperial Valley =) g7q 6.5 7.5km
Holtville (HVP) TR 0.252 5002 32.06
: LN 0307 2304 10.18

10 ANIO”hTFgeL 1994 6.7 12.9km
rleta (ARL) TR 0.345 42.04 10.09
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Fig. 3. The IDA diagrams corresponding to the maximum drift and the probabilistic assessments of the IDA results at the probability of 16%,
50%, and 84% for the studied structures
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Fig. 4. The resulting fragility curves of the studied structures
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Table 3. The defined limit states based on the drift parameter and Definition of the damage ratio (damage factor) according to HAZUS 2005

o ) Average ) Average Average
Damage Insignificant  (Equivalent to the IO  (Equivalent to the LS (Equivalent to the CP performance level)
performance level) performance level)
Domain of EDP [23, 34] 0.005 0.015 0.02
Structural Type [36] 0.01 0.1 0.5 1
Non-Structural Type [36] - Equivalent to 0.1 Equivalent to 0.1 -
Sum 0 0.2 0.6 1

Slllas slasil GlosJ J 8 a4 ax 5 L5 Slas s 51 33813 Jlaa pns ¥ J g

Table 4. Determination of the probability of exceeding performance limits
considering the seismic control limit of the studied structures

The probability of exceeding performance levels

Structure
10
Structure (1) 0.2804
Structure (2) 0.1598

Structure (3) 0.4629

LS CP
0.1488 0.1427
0.1012 0.0799
0.0906 0.0271
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Table 5- Determination of the damage functions Li for the studied structures based on the results of Tables 3 and 4

Structure (1)

Structure (2) Structure (3)

Limit Damage The probability of Damage The probability of Damage The probability of Damage
State Ratio exceeding Function exceeding Function exceeding Function
10 0.2 0.2804 0.0560 0.1598 0.0319 0.4629 0.0926
LS 0.6 0.1488 0.0892 0.1012 0.0607 0.0906 0.0544
CP 1.0 0.1427 0.1427 0.0799 0.0799 0.0271 0.0271
Total (Table 5) - 0.2880 - 0.1725 - 0.1741

0 dsdr sl » Slllas slaosle (o510l adlge o .# gk

Table 6. Determination of the seismic resilience component of the studied structures based on the results of Table 5

Structure  Damage Function Li

Quality Function Q  Resilience Component (%6)

Structure (1)
Structure (2)
Structure (3)

0.2880
0.1725
0.1741

0.7118
0.8273
0.8258

71.18
82.73
82.58

100
90
80
70
60
50
40
30
20
10

0

9496°6%g0

Resilience index

9196 93% 94%

5%

Diagrid 1
Diagrid 2
Diagrid 3

10 Performance
Level

LS Performance
Level

CP Performance
Level

#dsdr el nCP LS IO 5 Shes # sl 5 Slallas slaesln Goslol Larls 0 Ko
Fig. 5. Resilience index of the studied structures at 10, LS, and CP performance levels based on the results of Table 6
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Abstract Review History

Rail transportation holds a significant position among transportation modes due to its cost- Received: Nov 14, 2024
effectiveness and high safety. However, the intersection of road and rail networks at level Revised: Aug 11,2025
crossings reduces the safety of these points due to the direct connection of the rail infrastructure Accepted: Nov 8, 2025
with road users and pedestrians. The growth of rail and road networks due to increased

population and travel has increased the number of these crossings, which has led to an increase in  Keywords

the number of accidents, which are usually of high severity, and this has caused additional costs Grade crossing

and delays. Therefore, there is a need for systematic methods to prioritize crossings to improve  accident prediction
safety.

The present study includes sections of introduction, literature review, data description,
statistical collection and analysis, modeling, validation, discussion, and results. This study aims
to examine the factors influencing the number of accidents at these crossings and propose a
method for prioritizing authorized level crossings in Iran, with an emphasis on improving safety.
The research is based on 10 years of data up to 2022, demographic block data from 2006, and the
characteristics of 130 level crossings. It employs the Zero-Inflated Poisson (ZIP) model, which
offers higher accuracy than previous studies conducted in Iran. Additionally, this study seeks to
diversify the influential variables and explore their relationships with accidents at level

crossings.The model consists of two components: The Poisson component, which examines the

Statistical models

Zero-Inflated Poisson
model

number of accidents at the studied crossings, is influenced by factors such as road usage type, the
male-to-female population ratio within an 8 km radius of the crossing, the distance to the nearest
intersection, the total number of passing trains, the total population within an 8 km radius, and
the number of railway tracks at the intersection. Given the positive coefficients of these factors in
the model, an increase in any of them is expected to result in a higher number of accidents at the
crossings. However, an increase in the number of railway tracks at the intersection leads to a

reduction in accidents. The second component, the logistic component, evaluates the probability

of no accidents occurring at a crossing. Factors such as the presence of an alternative route when
the crossing is closed, the male-female population difference within an 8 km radius, and the
average daily road traffic influence this probability. Specifically, an increase in the first two
factors enhances the probability of no accidents, while an increase in road traffic reduces this
probability.

These findings have several important practical applications. First, urban planners and
transportation officials can effectively use this model to identify high-risk crossings and prioritize
safety measures such as improving warning signs, increasing lighting, and installing automatic
protective barriers. Second, integrating detailed population data into rail safety assessments can
lead to more targeted and efficient safety interventions, as population distribution can
significantly affect crash risk. Third, policymakers can implement necessary changes to road
infrastructure to reduce crash risk, such as modifying steep angles at intersections and optimizing
overall traffic flow near crossings. Finally, given the proven effectiveness of alternative routes in
reducing crashes, designing additional lanes for crossings with high traffic volumes can be

considered an effective and sustainable safety strategy.
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Table 1. Characteristics of Variables Related to Crossings Affecting the Model.

. Values .
Variable Min ) Mean Max Explanations
Number of railway lines 1 0.7514385 1.348837 4 The number of rail lines present in the Crossing
The number of passing trains at night 1 9.367832 7.95 41 The number of trains passing from 6 PM to 6 AM
The number ngj?;mg trains during 1 6532002 63751 31 The number of trains passing from 6 AM to 6 PM

The distance of the passage from the
nearest road intersection

Type of road use

ADT 66
In case the passage is blocked, there is
an alternative route for it.

5625.828

Categorized numbers

Categorized numbers
2624.391

Categorized numbers

The distance in kilometers of the passage from the
nearest road intersection
Type of use and functionality of the road ( O : rural
road, 1 : secondary road, 2 : main road)
47770 Average daily road traffic
It indicates an alternative to the intersection in case it is
not available.
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Table 2. Characteristics of Demographic Variables Used in the Model

Variable Minimum Mean S.D Median  Maximum Explanations
) The total population is 5 miles from
Total population 0 106308.5 202608.1 17779 1173517 the crossing
population to The ratio of the male 0 0672626 0.825841 0.995372  10.09529 population to The ratio of the male
the female population the female population
The difference between the male The difference in the population of
female population and the -8443  2546.759 9018.567 0 116065 . pop
. population of women men from the
population
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Fig. 2. Visual Test on the Distribution of Accident Data
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Table 3. Log-Likelihood Test.

Comparison of Alternative Distributions

Distribution Est. Parameters  Log Likelihood
Zero-Inflated Poisson 2 -222.85
Poisson 1 -233.589
Negative Binomial 2 -9.99E+11
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E(u) = Exp(—1.75692212998667 + 0.399693403929521 * S1 + 1.14223671644244 * S2 (10)

+ 0.368292176186057 * S3 + 0.0257167122783253 * S4 — 0.667965609694737 * S5
+ 1.19036202206851E — 06 * S6)

E(u) = Exp(—1.9928790363313 — 0.000727703428784855 * S7 + 3.44128173088546 * S8 11)
+ 0.000225603481089144 * S9)
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Table. 4. Results of Fitting the Zero-Inflated Poisson Model on
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Log-Likelihood -145.3738
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Table. 5. Results of Model Implementation for Variables in the Logistic Regression Component

Parameter Regression Coefficien Standard Error Z-Statistic Two-side P-value

Logistic Regression Model

Intercept -1.992879 1.336677 1.49092- 0.1359825
S7 -0.0007277 0.00037367 1.957468- 0.05
S8 3.441282 1.618048 2.12681 0.0334
S9 0.0002256 0.000117 1.9583 0.05
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Table 6. Results of Model Implementation for Variables in the Poisson Component

Parameter Regression Coefficien Standard Error Z-Statistic Two-side P-value
Poisson Regression Model
Intercept -1.756922 0.4248444 -4.14E+00 3.54E-05
S1 0.3996934 0.1599273 2.499219 0.0124468
S2 1.142237 0.2707416 4.218917 2.45E-05
S3 0.3682922 1.38E-01 2.661102 0.0077885
S4 0.0257167 0.0129264 1.989478 0.0466484
S5 0.6679656- 0.2893587 2.308434- 0.020975
S6 1.90E-06 4.89E-07 2.432842 0.0149808
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Table 7. Results of Model Validation Tests

Model Variance Equality Test Mean Equality Test
F P-value Result T P-Value Result
Zero-Inflated Poisson 1752  0.0417 The hypothe§|s o_f variance equality 08268 0.41096 The hypothesis of mean equality is
is rejected not rejected.
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Table 8. Comparison of the Present Study with Mohseni et al.'s Study

Present Study Previous Study

Years of Data
Methodology
Total Population
Crossing Location
Average Vehicle Traffic
Road Pavement Type
Number of Railway Tracks
Male-to-Female Population Ratio
Total Number of Trains
Road Usage Type
Passing Train Speed

Distance from Crossing to Nearest Intersection
Male Population Difference from Female Population
Alternative Route Available if Crossing is Closed

AIC
Log-Lokelihood

91-401 88-93
ZIP NB
v
v
v v
v
v
v
v
v
v
v
v
v
312.7 314.2
-145.3 -149.1
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Fig .4. The percentage change of each variable leading to a one-
unit increase in the number of accidents
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Abstract Review History

This article presents a comprehensive analysis of an innovative seawater desalination and Received: Dec 29, 2024
transfer system, hereafter referred to as the "desalination pipeline system." This system seeks to  Revised: Jul 4, 2025
provide an efficient solution for freshwater shortages, particularly in coastal regions. The Accepted: Nov 8, 2025
proposed system is structured into three main stages: evaporation, transfer, and condensation.

Each stage is intricately detailed, elucidating the processes and formulations involved, while Keywords

underlining the system’s remarkable capabilities in achieving high transfer speeds and substantial seawater desalination
desalination capacities. Focusing on the specific context of Chalus—a coastal city in Iran—and  yp-atmospheric pressure
the adjacent heights of Kelardasht, the study underscores the unique geographical and climatic
conditions of the region. The interplay between the marine environment and the mountainous
terrain creates a potential opportunity for harnessing seawater through an effective desalination b
process. By exploring various pipe diameters within the system, the research challenges the —Sustainability
conventional wisdom that larger diameters are inherently better for maximizing freshwater output

and operational efficiency. Contrary to these assumptions, the findings indicate that utilizing

smaller diameter pipes can result in significantly higher vapor speeds. Nevertheless, it is crucial

to regulate these speeds to prevent vapor velocities from surpassing the speed of sound, which

could lead to inefficiencies and operational issues. The methodology employs pipelines with

diameters of 1 meter and 2 meters for the transfer of vapor over a distance of 15 kilometers,

transporting it from the Chalus area to Alam Kuh, which is situated at an elevation of 1,800

meters. This distance and elevation present unique challenges and opportunities, as they require

precise engineering to ensure the effective movement of desalinated water. The study reveals that

the efficiency of sub-atmospheric vapor transfer is primarily influenced by three key factors: pipe

diameter, transfer distance, and the temperature difference between the seawater and the

receiving mountain peaks. These findings provide critical insights into the design and operation

of the desalination pipeline system. Specifically, the research quantifies the performance of the

two pipe diameters under investigation. The results demonstrate that a 2-meter diameter pipe can

produce an average of 3,950 cubic meters of freshwater daily, of which 2,950 cubic meters are

effectively transferred to the higher altitude. In contrast, the 1-meter diameter pipe yields 850

cubic meters of water per day, with 710 cubic meters successfully transferred. These figures

highlight the balance between pipe diameter and transfer efficiency, emphasizing that various

configurations can still lead to the effective delivery of freshwater resources. This characteristic

minimizes the need for extensive pre-treatment processes or additional energy inputs, making the

operation both environmentally friendly and economically viable. In conclusion, the proposed

desalination pipeline system offers a progressive approach to addressing freshwater shortages,

presenting a cost-effective and efficient alternative to many existing desalination methods. By

leveraging the unique geological and climatic conditions of the Chalus and Kelardasht region,

this system not only maximizes the potential of seawater resources but also contributes to

sustainable water management practices. Future studies could expand upon these findings,

exploring long-term operational viability, environmental impacts, and potential scalability to

further enhance the system's applicability in other regions facing water scarcity.

thermal distillation
water transfer
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Fig. 1. Schematic diagram of the proposed system
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Fig. 3. Preparing water vapor for transfer
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Fig. 4. View of condensed vapor collection
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Table 1. Air temperature for the target areas

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Min temp of Kelardasht 1.1 2.3 4.2 6.7 7.9 8.8 145 154 162 85 4.6 2.2
Max temp of Kelardasht 11.6 142 18 182 211 212 233 244 247 183 118 121
Max temp of Chalus 164 133 87 211 263 268 291 304 329 25 172 183
Min temp of Chalus 5.2 6.8 22 121 134 152 214 229 216 152 95 7.4
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Table 2. Result of the proposed system

July (tir) D=1Im D=2m
Transfer section
Transfer rate mg (kg/s) 1123  48.92
Vapor velocity at the first (m/s) 2843 244.1
Vapor velocity at the end (m/s) 361.3 3239
Water transfer rate m, (kg/s) 1.1 1.8
Vapor temperature at end (°C) 19.9 214
Evaporation section
Vapor transtfer rate m, (kg/s) 12.8 48.9

Number of evaporation chamber 4 12

evaporation temperature (°C) T, 24.3 23.8
Deaeration temperature (°C) Ty, 255 255
Pumped water percentage (%) 25 25

Deaerate pumped water (kg/s) 100 100
Distilled water on site m; (kg/s) 3 10
condensation section
Number of condensation chamber 4 10

Heat pipes diameters 10 10

Condensation chamber dimensio (M)~ 4x4x4  4x4x4
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Table 3. Comparison of the proposed system with other studies.

reference L (km) D (m) h (m) m, (m*/day)
17) 160 2&4 2200 48 & 278
70 2&4 1500 48 & 278
(22) 160 2&4 2200 54 & 324
70 2&4 1500 55 & 354
30 1&2&4 2300 33&211& 1063
(29) 29 1&2&4 2000 26&169 & 1085
This study 15 1 1800 850
This study 15 2 1800 3950
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Fig 9. Monthly production rate of distilled and transferred water,
mj3 (L/s).
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Fig. 10. Monthly production rate of distilled water in
transportation part, my (L/s).
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Fig. 11. Monthly Rate of distilled water on the site, m; (L/s)
Sl 5wl i slagtn b slalcass mb
Slapim 3, Shos Sl 5 a8 5 Srelr (65005 U A 4yl
Ao JLEE (olgily @ ol Cua 23,8 &l ol
aS jsboles Coul ol antls n Gida ol a4 g U Ll olas

MAS.UA)& olis ‘\""".’.L‘i‘ Lﬁ‘ ‘g‘}ajl‘jﬁ odalie ¥ dj.b- BE



\f¢b dLﬂ sY O)LQJJ nY; 0)’3

o3 Ulyes (pwdige ool alone

S S b b bl e s, byl S sla ks
Aol el Ll s ol 515 (6 5L JUisl s e Ll 5 e
03 35,5 b g S o3 sdoe 16 5,8 13U xS Co
) e e e P e
b 3 s Dlell djlS 4S5 ph Snp Dse s s
NG| e
Gl b Lys T ey oo 2 pstne LS bl ol (310061
Lol S gl O L Sln S5 o sl31 o8 5
L34 45 5 5 0 o8l oms i Ol (oS T a5l 4ty 50
s s s Ol el S o Ll ) 3l e Al 3
e 4S5 35 e e (S cnl s o JUSH ks
S > Shes (D3 ol e 5 S0 S Goleie
adls a3l e 5o s e S S Sl ol 4

s

oyl vﬁ)\ﬁ -V

Cp Qrckg) ol ons obS e b
D A s
9 IS S L ks
L i b
M (kgls) s 0L 5
me (ka/h), (kgls) s &
m, (kg/h), (ka/s) Jlal &
m, (kg/h), (kg/s) Olxee & 5
ey, (kg/h) Jst 5 55 et o Olse
n I e o b
p (kPa) [l L
Ps (kPa) e Slis
Ape, (Pa=N/m?) = 55 IS jLes ol
t ()0l
Ts1 (°C) s s slod
T (°C) s sles
Tsw (°C) Ly ol sles

To (°C) 5 szl oo sl sles
(°C) 13338 o (sles

£

L elsmsol Ghlas bl ((Son d b ) 3 2133l
Sl Se g 5 ol PBlu= 53 b gles G Sl
s lacbag a8l Los Ol 5l S (558 el O lawy S
IS S8 it LS S L5 e (s sl
Sibweslw pde 5o 5 Gls JLal e by e Sl
3 IS S s 53 Gl Bl s pae 5 LS
sl s (6 20815 Sl 5 (g5 ST 5 ki s
2 slagsled e & s Db Jsl gl p 1) (g palexsl LB
Aas e &l

Coxmo (ol oo (laliee Sl Jasl L Jsb aSols s 50
o el il gl e s Sy cdSU sbed J ) g
(ol Gile o ot Blad 51 oS ol ey 1l s
3 Sl 3ol BB S (13 e 53 Ssles 5 ol g
03 SRIgAe pma L e Olej s atle o c285L Bl o
3l ‘C‘l—? Sladlas <=L>_u'l Lol ol e, 55y LiSd ) aies
oL ramen 5 ldlsn 5 Jaeecn s sla oLl e
Sl b BLE Sl 5 e dis glos Tl 5 38
ol S30LLE L e 5 s JUSH e by (6 i OSGl (Ll
ol e LS A5 e ST ) bkt et S
Al o ) b el gl Jlat Jisu s sl bl il

S S o F

IS ) st o 5 (B ae 4l
S L Ol JEl 5 (Glop b lp s sy (ol atls
) 03 A o (ST S e Al e a b
Gladsa s s sl 3 Lol en Jomle ool 51 oa canlllas
Aot o 15 535 sk 4 clad e

5 JLasl o SRl Jald G opl ST slas sl
AL Ll oS el Ls O (3l et b b 35
b il cilies Gble s Ol el (g3luting » e s LB
Slelily ol et i () (o (s 2 6l
5, She B wleds Ol Sldllas glad gul Ol e 4 Clds DS
Sy 2Ll Bl ko s ealgdy S

Ll glaad ) iz (sla s 5550 53 558 Sla o)

)l sl ‘M ul_s.:o;:u“ L>—>-JJ aJM:-J_’d.\_AJ& olis



a5l Lo sl BT Ligs’

w9 2135 dg) b )l o.sl.é.:.w|Lglg')bc_.aTgstnmﬁ&gﬂﬁﬁé)&ﬁm,iwé,u

slasle U alKisls S G o 3l Gpme 5 63l slacles

@’L’.a ool

S pel) il ol @S oS Wl e edlel S Xy 55
SIS 3y e cpl Ll b adaly 55 (Olejla b e L
Ll oS 35158 (63598
S8ty 5 oS Lk

Laosls o Gudioss 255 (b g31s ol sl 3BT LS
Sk eade ol 5 le Lo, lie 4l asend 2K

e e SNl sl

S pba

Slags sl el Jb sl S8 a3l eslinad Oy andllas oyl
Slaisn 5 o ol s plol (Lo yat 5 53 Jllesl L
el oy 8 ol DSty 5 a5 b

References

[1] Firozjaei, MR., Hajebi, Z., Naeeni, STO. and Akbari,
H., 2024. Discharge performance of a submerged
seawater intake in unsteady flows: Combination of
physical models and decision tree algorithms. Journal
of Water Process Engineering, 60.

Firozjaei, MR., Taghi, S., Naeeni, O. and Akbari, H.,
2023. Evaluation of seawater intake discharge
coefficient using laboratory experiments and machine
learning techniques. Ships and Offshore Structures,
pp.1-14.

Hajebi, Z., Firozjaei, MR., Naeeni, STO. and Akbari,
H., 2024. Hydraulic performance of bottom intake
velocity caps using PIV and OpenFOAM methods.
Appl Water Sci,14(3), pp.1-13.

Behnam, P., Faegh, M. and Khiadani, M., 2022. A
review on state-of-the-art applications of data-driven
methods in desalination systems. Desalination, 532,
115744,

Tong, T. and Elimelech, M., 2016. The Global Rise
of Zero Liquid Discharge for Wastewater
Management: Drivers, Technologies, and Future
Directions. Environmental Science and Technology,
50(13), 6846-55.

Rahmani Firozjaei, M., Salehi, Neyshabouri, SAA.,
Amini Sola, S. and Mohajeri, SH., 2019. Numerical
Simulation on the Performance Improvement of a
Lateral Intake Using Submerged Vanes. Iranian

(2]

(3]

[4]

(5]

6]

5Y

Q (WIM) o domls 5 0 ) il (slo Sl
u (Mfs) Ll oo
Qc DI a3 ek eslizal gl S S
Qin (kW) Lol 35,5 2l S 550
w (WIm) L5 2505
Az (M) dy) e gl
Us$ (el Vs
Tw (NIM®) Sl o 5
Ac (k) Ll o150l o S
Ae (kg) <l s Olg b S
p (kg/m?) Sy J&
Qc S s 3 e eslizad b S S
Qin (kW) L2l 35,5 b S 55
w (WIm) J5 25,5

@‘;).\5

Sl O adlie ol aS A ls e pOLsl Ok 5

Journal of Science and Technology - Transactions of
Civil Engineering, 43(2), pp.167-77.

Ghazi, ZM., Rizvi, SWF., Shahid, WM,
Abdulhameed, AM., Saleem, H. and Zaidi, SJ., 2022.
An overview of water desalination systems integrated
with renewable energy sources. Desalination, 542,
116063.

Grzegorzek, M., Wartalska, K. and Kazmierczak, B.,
2023. Review of water treatment methods with a focus
on energy consumption. International
Communications in Heat and Mass Transfer, 143.

[7]

(8]

Arnau, P.A., Navarro, N., Soraluce, J., Martinez-
Iglesias, J.M., lllas, J. and Ofate, E., 2019. Cool steam
method  for  desalinating  seawater.  Water
(Switzerland), 11(11), pp.1-16.

Herran-Gonzélez, A., De La Cruz, J.M., De Andrés-
Toro, B. and Risco-Martin, J.L., 2009. Modeling and
simulation of a gas distribution pipeline network. Appl
Math Model, 33(3), pp.1584-600.

Aghazadeh, K. and Attarnejad, R., 2026. High-
pressure desalination pipeline system for water
purification and vapor transfer utilizing waste heat
from factories. Applied Water Science, 16 (101).
https://doi.org/10.1007/s13201-026-02795-0.

Wellmann, J. and Morosuk, T., 2016. Renewable
energy supply and demand for the city of EI Gouna,
Egypt. Sustainability (Switzerland), 8(4), 314.

[9]

[10]

[11]

[12]



\f¢b dl.u) sY O)Lﬁaii nY; 0)’3

PR Ol e (g dige (sole alore

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Inoue, K., Abe, Y., Murakami, M. and Mori, T., 2006.
Feasibility study of desalination technology utilizing
the temperature difference between seawater and
inland atmosphere. Desalination, 197(1-3), pp.137-
53.

Kong, S. tong, 2011. Application F, Data P. (12)
United States Patent, 2(12), 12-5.

Rahmani Firozjaei, M., Behnamtalab, E. and Salehi
Neyshabouri, SAA., 2020. Numerical simulation of
the lateral pipe intake: flow and sediment field. Water
and Environment Journal, 34(2), pp. 291-304.

Naeeni, S.T.0., Rahmani Firozjaei, M., Hajebi, Z. and
Akbari, H., 2023. Investigation of the performance of
the response surface method to optimize the
simulations of hydraulic phenomena. Innovative
Infrastructure Solutions, 8(1).

Aghazadeh, K. and Attarnejad, R., 2025. Experimental
investigation of friction coefficient in water vapor
transportation  pipelines  under  sub-atmospheric
pressure. European Journal of Mechanics, B/Fluids,
114,

Firozjaei, M.R., Hajebi, Z., Naeeni, S.T.O., Akbari, H.
and Iglesias, G., 2025. Hydrodynamic Performance of
Seawater Intake Structures Through Numerical
Modelling and Particle Image Velocimetry. Water
(Basel) [Internet], 17(17), 2607. Available from;
https://www.mdpi.com/2073-4441/17/17/2607

Spedaletti, S., Rossi, M., Comodi, G., Salvi, D. and
Renzi, M., 2021. Energy recovery in gravity adduction
pipelines of a water supply system (WSS) for urban
areas using Pumps-as-Turbines (PaTs). Sustainable
Energy Technologies and Assessments, 45(August
2020).

Aghazadeh, K. and Attarnejad, R., 2024. Experimental
investigation of desalination pipeline system and
vapor transportation by temperature difference under
sub-atmospheric pressure. Journal of Water Process

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Engineering, 60(March), 105133.

Aghazadeh, K. and Attarnejad, R., 2020. Improved
Desalination  Pipeline  System  Utilizing  the
Temperature Difference under Sub-Atmospheric
Pressure. Water Resources Management, 1;34(1),
pp.1-19.

Shojaei, M., Nosrati, M. and Attarnejad, R., 2022.
Mathematical analysis of sub-atmospheric vapor
pipeline transmission for seawater desalination: Green
and Eigen functions solutions. Desalination Water
Treat, 254, pp.169-80.

Hamdan, M., Al-Kasasbeh, T., Qawasmeh, B. and Al
Assaf, A., 2023. Waste Heat Recovery to Improve the
Carbon Footprint a Case Study: Cement Industry in
Jordan. International Review of Civil Engineering,
14(2).

Aghazadeh, K., Asadzadeh Totonchi, B. and
Attarnejad, R., 2026. Energy-efficient water reuse

system for high-rise buildings utilizing sub-
atmospheric pressure and temperature
gradients. Urban Water Journal, pp.1-18.

https://doi.org/10.1080/1573062X.2026.2639445.

Takehara, Y., Fujimoto, S. and Okumura, K., 2010.
High-velocity drag friction in dense granular media.
Europhysics Letters, 92(4).

Moore, J. and Runkles, J., 1968. Evaporation from
brine solutions under controlled laboratory conditions.
Texas Water Development Board, Austin, Texas
(May), pp.1-67.

Climate-Data.org  [Internet].  Available  from:
https://fa.climate-data.org./
Weather [Internet]. Available from:

http://www.irimo.ir./far/

Aghazadeh, K. and Attarnejad, R., 2020. Study of
sweetened seawater transportation by temperature
difference. Heliyon, 6(3).

Engineering journal, 26(2), pp.49-63.

S outsd gl | Alia oyl 4 36
w2 gl Ol & 4igSr

Aghazadeh, K. and Attarnejad, R., 2026. Implementation of
an Advanced Modern System for Seawater Desalination and
Transportation: A Case Study of Chalus City. Modares Civil

sY



Modares Civil Engineering Journal

Volume 26, Issue 2, 2026, 65-77 i
DOI: 10.48311/mcej.2025.99145.0 Tarbiat Modares

University

Solving Viscoelastic Problems Using
Complex Fourier Boundary Element Method

M. Bahrampour®, S. Hamzehei-Javaran* "/, S. Shojaee*

1. Civil Engineering Department, Shahid Bahonar University of Kerman, Kerman, Iran.

Abstract Review History

This paper suggests a novel numerical approach to the analysis of two-dimensional Received: Mar 15, 2025
viscoelastic materials using an enriched boundary element method (BEM) with complex Fourier  Revised: July 6, 2025
radial basis functions (RBFs). The research is motivated by the growing need for accuracy and Accepted: Nov 8, 2025

efficiency in tools capable of simulating the time-dependent behavior of materials like rubber,
concrete, and polymers. The standard elastic analysis is not capable of modeling such advanced ' ]
materials, and thus, viscoelastic formulations emerge as a more efficient option. The new method 2D Viscoelastic problems
incorporates the Kelvin—Voigt rheological model and the weighted residual approach to Boundary element method
constitute the governing equations, and finally uses complex Fourier shape functions to perform Radial basis functions
boundary variable interpolation. In the classical BEM, kernel functions are the fundamental complex Fourier elements
solutions of the governing differential equations, and the field of interest is transformed to its
boundary, leading to a significant reduction in the number of degrees of freedom. However,
classical BEM accuracy can be finite, especially when employing conventional Lagrangian shape
functions. To overcome such shortcomings, this contribution develops and applies sophisticated
Fourier-based RBFs that are capable of meeting exponential, trigonometric, and polynomial field
behavior simultaneously. The shape functions of these RBFs have Kronecker delta-type
characteristics, partition of unity, and piecewise infinite continuity, which collectively enable
enhanced convergence and satisfaction of boundary conditions. The contribution first develops
the enriched formulation for boundary viscoelastic problems, achieving consistency through the
extension of complex Fourier shape functions, with algebraic techniques for their use in
boundary discretization. A major innovation is the hybridization of complex exponential and
trigonometric terms into a radial form, enabling a more general approximation of boundary field
variables.
For the validation of the proposed method, three classic problems are analyzed: (1) a simply
supported beam with a time-varying load, (2) a fixed beam with a central point load, and (3)
radial deformation of a viscoelastic rocket motor case due to constant internal pressure. In all
cases, the solutions from the complex Fourier BEM are compared with the classical BEM
solutions and available analytical solutions. The evaluation includes displacement-time history
plots and mesh plots, which show the increased accuracy and convergence of the new approach.
Notably, the Fourier BEM always produces results very close to analytical benchmarks, even
with fewer elements, while classical BEM deviates significantly from the analytical results over
time. The results indicate that the new method possesses several advantages: reduced degrees of
freedom, higher accuracy, and computational efficiency. This is owing to the spectral richness of
complex Fourier RBFs and their ability to approximate a wide range of physical responses.
Furthermore, the formulation remains stable for creep and stress relaxation calculations over time
owing to the stability of the implemented shape functions. In summary, the new Fourier
boundary element method provides an exciting alternative to the traditional numerical methods in
viscoelastic simulation. It benefits from the dimensional reduction property of BEM and high
accuracy of spectral interpolation, thereby being particularly beneficial for simulating time-
dependent mechanical properties in engineering materials. Further work can focus on
generalizing the method to three-dimensional problems or anisotropic viscoelastic materials.
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Abstract Review History

The corrosion of steel reinforcement is a major challenge for concrete structures in marine  Received: Mar 15, 2025
environments, reducing their durability and structural integrity. In such aggressive conditions, Revised: Aug 11, 2025
chloride ions penetrate the concrete cover and initiate the corrosion of embedded steel bars, Accepted: Nov 8, 2025

leading to surface cracking and loss of bond strength over time. While steel fibers are commonly
used in Fiber Reinforced Concrete (FRC), their susceptibility to corrosion and pitting has led ) .
researchers to explore non-metallic alternatives. Basalt fiber, a non-metallic material, offers Basalt Fiber Reinforced
numerous advantages, including high tensile strength, non-toxicity, and excellent resistance to Concrete (BFRC)
acidic and corrosive environments. In recent years, the global trend toward sustainable and high- Twisted Basalt Fiber
durability construction materials has further increased the attention given to basalt fibers, Crack, Corrosion
particularly in infrastructures located in coastal or offshore regions. This study investigates the pyapjlity

mechanical and durability properties of Basalt Fiber Reinforced Concrete (BFRC) with twisted
basalt fibers at different volume fractions. Four mixtures containing 0%, 0.5%, 1%, and 1.8%
fiber content were prepared and compared to Normal Concrete (NC). Mechanical properties,
including compressive strength, splitting tensile strength, and modulus of rupture (MOR), were
assessed. The results indicated that compressive strength marginally increased from 48.4 MPa for
NC to 51.3 MPa for BFRC-1.8, representing a 6% improvement attributed to the crack-bridging
action of the fibers. More notable were the enhancements in splitting tensile strength, which
increased from 2.8 MPa in NC to 4.1 MPa in BFRC-1.8, reflecting a 46% gain. The incorporation
of twisted basalt fibers also shifted the failure mode from brittle to ductile, enabling the concrete
to absorb and dissipate more energy before failure. Flexural performance, measured via MOR,
improved by 15%, 40%, and 81% for fiber additions of 0.5%, 1%, and 1.8%, respectively, with
corresponding increases in toughness values reaching up to 364%. These results demonstrate the
superior energy absorption and resilience of BFRC under loading. Durability properties,
including water penetration depth, electrical resistivity, and performance under accelerated
corrosion testing, were also evaluated. Durability assessments showed marked improvements
with increased fiber content. Water penetration depth decreased substantially (by 18-53%),
confirming the ability of fibers to reduce porosity and fill microcracks, thereby protecting
internal steel from ion ingress. Electrical resistivity tests revealed that greater fiber content
produced higher electrical resistance, further impeding the initiation and progression of
corrosion. Results from accelerated corrosion testing demonstrated that twisted basalt fibers are
highly effective in mitigating steel rebar corrosion. Corrosion rates were substantially reduced
from 0.55 mm/year in NC to 0.25, 0.16, and 0.09 mm/year for BFRC-0.5, BFRC-1, and BFRC-
1.8, respectively. Similarly, rebar weight loss decreased from 49.9% in NC to 22.7%, 14.1%, and
8.6% in the respective BFRC mixtures. The time to the first visible crack caused by corrosion
was delayed, increasing from 55 days in NC to 74 days in BFRC-1.8. These findings indicate that
twisted basalt fibers effectively impede the passage of aggressive ions, markedly improving the
durability of reinforced concrete in severe environments. In summary, incorporating twisted
basalt fibers into concrete blends offers measurable benefits in both mechanical and durability
properties, with a pronounced effect in suppressing steel reinforcement corrosion, making BFRC
a highly promising, sustainable material for marine infrastructure.
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Table 1. Physical and mechanical properties of twisted basalt fiber

Sample Length Aspect Ratio  Density  Tensile strength  Elastic Modulus ~ Number of
P (mm) (L/d) (gr/m®) (MPa) (GPa) fiber per Kg
Twisted basalt fiber 43 61 2.1 1000 44 27400
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Table 2. Mix proportions of concrete (kg/m?)

Specimen Cement Water Sand Gravel S200 S400 Microsilica SMF  SNF  Fiber
NC 424 208 1066 458 130 435 43 7.5 - -
BFRC-0.5 424 208 1066 458 130 435 43 9 1.2 105
BFRC-1.0 424 208 1066 458 130 435 43 1055 24 21
BFRC-1.8 424 208 1066 458 130 435 43 13 4.3 38
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Table 3. Flexural properties of NC and BFRCs

Maximum load and
corresponding deflection

Modulus of

Toughness indices

M Load (kN) Deflection (mm) Rupture (MOR) (MPa) Toughness gf&()) fkﬁ()) {kel\ol(; {k1'§l(; {I:'(\)l(; '(Tk1§|(;
BFRC-1.8 24 1.496 9.6 255 4.9 42 196 17 12 239
BFRC-1.0 18.4 1.391 7.4 15 4.9 18 195 07 1.1 132
BFRC-0.5 15.3 1.262 6.1 115 5.3 11 212 04 14 104

NC 13.2 1.107 5.3 5.5 5.3 - 2.14 - 1.6 55
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Abstract Review History

The construction industry is particularly cost-sensitive, thus new materials should be justified, Received: May 11, 2025
and their economic advantages should be satisfactory. Over the last 50 years, using fiber- Revised: Aug 8, 2025
reinforced cement base materials has significantly increased. Among them, a particularly Accepted: Dec 10, 2025

malleable category includes engineered cementitious composites (ECC), strain hardening
cementitious composites (SHCC), and ultra-high toughness cementitious composites (UHTCC). Keywor.ds .
These high-performance fiber reinforced cementitious based materials (HPFRCC) show Mechanical properties
considerable strain hardening capacity. Meanwhile, it is crucial to consider how these new HPFRCC
materials (HPFRCC) will affect the environment. Indeed, the quantity of cement or cementitious  Sprayable
materials used in their manufacturing may sometimes approach 1000 kg/m®. Substituting | c3 cement
supplemental materials with cementitious properties for clinker is one of the greatest ways to PP fiber
reduce carbon dioxide emissions from HPFRCC manufacture (supplementary cementitious

materials). Clays-containing kaolinite is one of the acceptable auxiliary ingredients for cement

with good accessibility. These clays are among the substances that are widely distributed over the

globe. When heated to 700-850°C, clays with at least 40% kaolinite produce metakaolin and

become significantly pozzolanic. The simultaneous addition of calcined clay, and limestone to

replace with part of the clinker in the mixed design results in LC3 or cement consisting of

calcined clay and limestone, which reduces carbon emissions by roughly 30% turns into dioxide

(CO,). The optimal substitution ratio of OPC by LC3 is 50% clinker, 30% calcined clay (MK),

15% limestone powder, and 5% gypsum. Therefore, the optimal OPC substitution ratio by LC3 is

45% (55% OPC, 30% calcined clay, and 15% limestone powder) with kaolin content of around

40-50% in the clay. This study developed a sprayable HPFRCC using local materials such as

limestone calcined clay cement (LC3) and ordinary polypropylene (PP) fiber to increase the

durability of structures (as a material for repairing) without harming the environment. The

developed composite's sprayability and mechanical performance were investigated through a

flow table, compressive strength, uniaxial tension, and three-point flexural tests. Moreover, the

material sustainability index (MSI) was used to evaluate the performance of the mixes in terms of

consumed energy and carbon emissions. Finally, using LC3 and ordinary polypropylene fibers, it

was possible to achieve sprayable HPFRCC with a tensile strain capacity of 3.5%. Furthermore,

this composite exhibits low carbon production, low cost, and high ductility, promoting its use in

infrastructure repairs. The compressive strength of cast specimens was 11% higher than that of

the sprayed specimens. The reason for this was their apparent density difference and porosity (i.e.

the compressive strength of the cast specimens was higher due to their lower porosity). The

bending and tensile strengths of the cast specimens were, respectively, 14% and 22% lower than

those of the sprayed specimens due to pneumatic compaction during the spraying process; the

distribution of fibers in the sprayed specimens was more uniform, resulting in greater bending

and tensile strengths. However, the flexural deformation and tensile strain capacity of the sprayed

and cast specimens were almost equal. Moreover, A superplasticizer/binder (LC3 mass) ratio of

2.5% must be chosen for spraying HPFRCC containing calcined clay.
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Table 1. Chemical composition of materials used to make
HPFRCC
OPC (%) RC (%) MK (%)
CaO 62.3 1.2 1.3

SiO, 16.5 73.7 78.8
L.O.I 59 6.63 0.46
SO; 4.7 0.047 0.074
Fe,0; 3.4 0.306 0.324
Al,O4 3.4 17.36 18.18
MgO 1.2 0.204 0.23
K,O 1 0.213 0.23
Na,O 0.5 0.057 0.071
MnO 0.4 0.012 0.011
TiO, 0.2 0.029 0.037
Sr 0.2 0.025 0.02
P,0Os 0.08 0.063 0.074
Ba 0.07 0.039 0.026
Cl 0.03 0.011 0.007

Pb 0.03 0.013 -
Zn 0.02 0.004 0.005
Ga - 0.002 0.002
As - 0.01 0.007

Rb - 0.001 -
Cu 0.01 - 0.003

Kaolinite (%) - 41 -

44
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Table 2. Mix proportions used to make HPFRCC

Mix OPC MK LC3-LS Filler-LS SS Water HRWRA" P\'jofl'oifr wis™
A-15 055 03 0.15 0.5 05 06 15 2 0.3
A2 055 03 0.15 05 05 06 2 2 0.3
A-25 055 03 0.15 05 05 06 25 2 0.3
A3 055 03 0.15 05 05 06 3 2 0.3
B-25 055 0.3 0.15 0.5 05 06 2.5 2 0.3

* Superplasticizer-to-binder ratio

** Water-to-solid ingredient ratio (OPC+MK+LC3- LS+Filler—LS+SS)
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Table 3. Properties of PP fiber

. Diameter Length Tensile strength Modulus Density Melting point
Fibertype  ™(m)  (mm) (MPa) (GPa)  (Kg/m’) (°C) (Ly/dy)
PP 0.035 12 350-400 35 910 160 343

Solid ingredients

mmy;  \Mixed for 2 minutes

Water and HRWRA

Mixed for 2 minutes

Medium speed matrix
mixing

Mixed for 1 minute

 —

Fiber adding

mmy  Mixed for 2 minutes

Mixed for 3 minutes

High speed mixing

las Bl s 5 Y S
Fig.3. Order of mixing materials
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Fig. 7. Schematic diagram of the mini-slump cone used to
determine the deformability index
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Table 4. Deformability index as a function of time for mixes

Mix Datstart Dat10min D at20 min
A-15 3 1.89 1.4
A-2 3 2.2 2.06
A-25 3 2.42 2.23
A-3 3.4 2.8 2.42
B-2.5 3 2.42 2.23
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