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Publication. This is an open-access article under | for the computation of 20 ETCCDI indices derived from Relimdex 2.0,
the CC BY license coupled with the Mann—Kendall trend test. A marked spatial variability

j [ ipitation (PRCPTOT, id d, with total )
(https://creativecommons.org/licenses/by/4.0/). in annual precipitation (i ) was evidenced, with totals ranging

from 750 to 2,000 mm yr~'; the highest accumulations were observed in
the southern sector (Savalou, Glazoué, Ouésse), while the lowest values
(746-913 mm) were recorded in the extreme north (Karimama and
Mots clés— Indices climatiques, extrémes, Malanville). Extreme indices further corroborate this intensification:
nuits - tropicales, nuits chaudes, domaine | RX5day reached 90—110 mm, R99p exceeded 115 mm, R95p ranged
soudanien. between 60 and 100 mm, while Rlday surpassed 35 mm day™ and the
Simple Daily Intensity Index (SDII) exceeded 9 mm day™ in the
southeastern part. Analysis of temperature extremes at Parakou

Keywords— Climate indices, Extremes, Tropical
nights, Hot nights, Sudanian domain.

indicated significant increases in tropical nights (TR = 2.15; p = 0.03)
and warm nights (TN90p = 4.13; p < 0.001), alongside rising extreme
maximum values (TXX = 2.18; p = 0.03; TNX = 2.11; p = 0.03).
Furthermore, cold spell duration indices (CSDI) exhibited a significant
decline (Z = —=3.75; p < 0.001). In contrast, at Kandi, the trends were
more moderate, with an increase in warm nights (TN90p = 2.86, p =
0.004) and a significant decrease in extreme minima (TNN = —2.65; p
= 0.008). These climatic and bioclimatic trends underscore the
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vulnerability of human health and point toward the need for sustainable,
resilient adaptation strategies for local populations.

Résumé—L’analyse des indices climatiques ETCCDI au niveau des
stations du domaine soudanien au Bénin a montré ['intensification des
extrémes pluviométriques et thermométriques. Les données utilisées
sont les relevés de pluies et de températures (maximales et minimales)
journalieres de 22 postes pluviométriques et de deux stations
synoptiques sur la période de 1981-2025. Les extrémes de pluies et de
température ont été déterminés a [’aide du logiciel XLSTAT 2018 pour
le calcul de 20 indices de I’ETCCDI a partir de Rclimdex 2.0 et du test
de tendance de Mann-Kendall. Une forte variabilité spatiale des
précipitations annuelles (PRCPTOT) est mise en évidence, avec des
cumuls de 750 a 2 000 mm/an, les plus élevés observés au sud (Savalou,
Glazoué, Ouesse) et de 746-913 mm, les plus faibles a l’extréme nord
(Karimama et Malanville). Les indices extrémes confirment cette
intensification : RX5day atteint 90-110 mm, R99p dépasse 115 mm,
R95p varie entre 60 et 100 mm, tandis que Rlday dépasse 35 mm/jour
et que le SDII atteint plus de 9 mm/jour au sud-est. L’analyse des
extrémes de température a montré qu’a Parakou, les indices révelent
une hausse significative des nuits tropicales (TR =2,15 ; p =0,03) et
des nuits chaudes (TN90p =4,13 ; p<0,001), accompagnée d’une
augmentation des valeurs maximales extrémes (TXX=2,18 ; p =0,03 ;
INX=2,11;p=0,03). En outre, les vagues de froid (CSDI) ont baissé
significativement (Z=-3,75 ; p<0,001). Par contre, a Kandi,
l’évolution est plus modérée avec la hausse des nuits chaudes
(TN9Op = 2,86 ; p=0,004) et la baisse significative des minima
extréemes (TNN =-2,65 ; p=0,008). Cette tendance climatique et
bioclimatique renseigne sur la vulnérabilité de la santé humaine et
oriente vers les perspectives de stratégies résilientes durables des
populations.

L.

INTRODUCTION

moyennes et dans les régions tropicales humides (Nations
Unies, 2015, p. 1).

Les catastrophes climatiques et météorologiques ont des
conséquences humanitaires massives partout dans le monde
et ont directement touché 1,7 milliard de personnes durant
la seule décennie écoulée (FISCRCR, 2020, p. 4). Elles sont
entrainées par une intensification des événements
climatiques extrémes, qui constituent un enjeu majeur pour
les sociétés humaines et les systémes écologiques de tous
les pays du monde. Ces événements sont liés a la hausse
continue des températures mondiales qui entraine une
augmentation de la fréquence et de [Dintensité des
phénomeénes météorologiques extrémes, notamment des
vagues de chaleur, des sécheresses, des incendies de forét,
des tempétes et des inondations, entrainant des pertes
humaines et économiques considérables (Future Earth/The
Earth League/PMRC, 2025, p. 9). De plus, les phénomenes
de précipitations extrémes vont trés probablement devenir
plus intenses et plus fréquents, dés la fin de ce siécle, sur la
plupart des terres émergées, situées a des latitudes

www.ijaers.com

En Afrique, les modifications météorologiques (hausse des
températures, variation des précipitations, hausse du niveau
de la mer) se traduisent par I’augmentation du nombre
d’événements  climatiques  extrémes  (inondations,
sécheresses, cyclones, incendies ...) (V. Steinmetz, 2024, p.
64). En effet, I’analyse des extrémes a 1’échelle de bassins
ou de sous-régions contribue a approfondir la
compréhension des mécanismes climatiques et de leurs
impacts. Des recherches récentes a 1’échelle de I’ Afrique de
I’Ouest ont souligné I’influence des changements
climatiques sur les régimes d’inondation et les impacts
croissants des pluies extrémes, notamment en lien avec des
oscillations océanographiques et des anomalies thermiques
sur 1’ Atlantique tropical (S. B. Diop et al., 2025, p. 3161).
Ainsi, pour analyser les événements climatiques extrémes,
I’Expert Team on Climate Change Detection and Indices
(ETCCDI), a défini 27 indices des changements
climatiques. Selon E. Obada et al. (2021, p. 1), ces indices
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offrent un cadre standardisé pour quantifier ces phénomeénes
a partir de données quotidiennes observées, permettant ainsi
de décrire rigourecusement les tendances des événements
extrémes tels que les fortes précipitations et les longues
périodes de sécheresse.

Au Bénin, la variabilité accrue du climat observée ces
derni¢res décennies se manifeste notamment par des
fluctuations importantes dans la fréquence, 1’intensité et la
durée des pluies extrémes, avec des conséquences socio-
économiques significatives (H. V. Sounouke et al., 2022, p.
212). En outre, le rythme sans précédent du réchauffement
de la surface des océans et I’intensification des vagues de
chaleur marines entrainent de graves pertes écologiques,
érodent les moyens de subsistance des collectivités cotiéres
et aggravent les risques liés aux phénomeénes
météorologiques extrémes, tout en affaiblissant le réle de
I’océan en tant que puits de carbone. Une meilleure
compréhension de la nature statistique et physique des
événements climatiques extrémes est une étape nécessaire
avant de pouvoir répondre aux interrogations qui sont en
lien avec ces indices (H. Yarou, 2021, p. 1). D. H. Koumassi
(2025, p. 1) a utilisé sept indices ETCCDI pour quantifier
’intensité, la fréquence et la variabilité des pluies extrémes
entre 1961 et 2020 a Ouédémeé (commune de Glazoué).
Cette étude vise a établir le diagnostic de ’intensification
des extrémes climatiques dans le domaine soudanien du
Bénin.

1L DONNEES ET METHODES

2.1. Caractéristiques biophysiques et humaines du
domaine soudanien au Bénin

La structure du sol du domaine soudanien au Bénin est de
type ferrugineux tropicaux faiblement concrétionnés. Son
écologie du paysage est caractérisée par une mosaique
d’écosystemes naturels et anthropisés, influencée a la fois
par le climat, les activités humaines et la topographie. Le
réseau hydrographique de la zone d’étude, formé des
affluents du fleuve Niger (Alibori, Mékrou, Sota et
I’Ouémé) est un atout pour le renforcement de la charge
hygrométrique de I’air, les processus de condensation et de
pluviogenes (B. A. Sare et al., 2015, p. 605). Dans le secteur
d’étude, la population a varié de 731 445 habitants en 1979
a 1 180 592 habitants en 1992 et de 1 801 938 habitants en
2002. Cette population est passée a 3 401 547 habitants en
2022 selon les projections de I’INSTaD. Le domaine
soudanien au Bénin est compris entre 7°47’ et 12°24° de
latitudes nord et 0°46’ et 3°51° des longitudes est (figure 1)
et regroupe cinq départements subdivisés en 26 communes.

www.ijaers.com
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Fig.1 : Situation géographique du domaine soudanien au
Bénin

Le domaine soudanien au Bénin s’étend sur une superficie
de 80274,10 km?, soit environ 69,94 % du territoire national
et prend en compte I’ensemble de toutes les communes des
départements du Borgou et de 1’Alibori. A ces localités
s’ajoutent quatre communes du département de 1’Atacora
(Matéri, Tanguiéta, Kérou, Pehunco), deux communes du
département de la Donga (Bassila et trois villages de
Djougou) et quatre communes du département des Collines
(Ouésse, Bante et Savalou et Glazoué). Il est limité au Nord
par le Niger, au Nord-Ouest par le Burkina-Faso dans les
territoires du climat sahélien, au sud par le domaine
subéquatorial, au Sud-ouest par le Togo, a 1’ouest par le
climat atacorien, et a I’est par le Nigeria. Le secteur d’étude
est dominé par des plaines et composée de faibles
ondulations dont la pente est inférieure a 2 % (B. A. Sare et
al., 2015, p. 605).

2.2. Données

Les données utilisées sont les précipitations et températures
(maximales et minimales) de deux stations synoptiques
(Parakou et Kandi) et les précipitations de 21 postes
pluviométriques (Banté, Bassila, Djougou, Glazoué,
Gogounou, Kalalé, Kerou, Karimama, Kouandé,
Malanville, Ndali, Matéri, Pehounko, Péréré, Savalou,
Nikki, Ouésse, Segbana, Sinendé, Tchaourou et Tanguiéta)
au pas de temps journaliers sur la période de 1981-2025.
Ces données sont issues de la base des observations
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quotidiennes de Météo-Bénin. Elles ont été utilisées pour
calculés 20 indices (81,48 %) sur les 27 définis par ’OMM
dans le cadre du “CC/CLIVAR Expert Team on Climate
Change Detection, Monitoring and Indices (ETCCDMI)
(M. Adamou et al., 2022, p. 64) et déterminer les tendances
climatiques a partir XLSTAT 2018 et du test de Mann-
Kendall.

2.3. Méthodes
2.3.1. Calcul des indices ETCCDI

Le calcul des indices a été fait a partir du logiciel de
statistiques RStudio, version 2026.1.0.392 sous R, version

International Journal of Advanced Engineering Research and Science, 13(7)-2026

4.5.2 (2025-10-31 ucrt), téléchargé respectivement sur les
sites https://posit.co/download/rstudio-desktop/ et
https://cran.r-project.org/. Pour le calcul des indices, le
logiciel RStudio a service de source pour ouvrir RClimDex
2.0 qui a permis de caractériser I’intensité, la durée, la
fréquence et la quantité des événements extrémes. 11 utilise
uniquement les données de pluies et de températures
maximales et minimales journaliéres. Ainsi, 20 indices sur
les 27 ont été retenus et classés en indices d’intensité, de
durée, de fréquence et de quantité (tableau I).

Tableau I : 20 indices des extrémes de précipitations

Paramétre Intensité Durée Fréquence Total
Pluie RX1day, RX5day, SDII, R95p, R99p | CDD, CWD R1mm, R10mm, R20mm preptot
Température TXx, TNx, TXn, TNn WSDI, SU, TR, TX90p, TN90p -
CSDI

Source : G. R. Kiki, 2020, p. 32

Ils ont été retenus sur des critéres basés sur la pertinence
dans les études régionales, la reconnaissance internationale,
la capacité a représenter les différentes dimensions des
événements climatiques extrémes (intensité, fréquence,
durée et total) et la compatibilité avec les données
journaliéres disponibles. De plus, ces indices ont été utilisés
dans plusieurs études en Afrique (S. Filahi ef al., 2015, p.
465 ; A. Bedoum et al, 2017, p. 48 ; K. M. Kouassi et al.,
2018, p.138 ; 1. Salifou, 2020, p. 20 et M. Massouangui-
Kifouala, 2022, p. 6) et au Bénin (G. R. Kiki, 2020, p. 32 ;
H. Yarou, 2021, p. 32 ; M. Adamou et al, 2022, p. 65 ; M.
Ouinakonhan et al., 2025, p. 437). Ce choix permet une
analyse compléte des dynamiques pluviométriques et
thermiques dans le contexte de la variabilité climatique au
Bénin. Par ailleurs, étant donné que la méthodologie
adoptée exige une période de référence, la derniére normale
1991-2020 définie par le GIEC a été considérée comme
période de référence pour les analyses RClimDex 2.0. Ces
indices sont utilisés pour caractériser les tendances
climatiques et spécifiquement les événements (B. Sahli,
2024, p. 64) climatiques extrémes dans le domaine
soudanien au Bénin.

2.3.2. Etude de la tendance par le test de Mann Kendall

Pour évaluer la signification statistique des tendances citées
auparavant, le test de Mann Kendall a été appliqué avec un
niveau de confiance de 95 % (B. Sahli, 2024, p. 21 et D.
Dumas et S. Rome, 2009, p. 147). C’est un test non
paramétrique qui est largement utilis¢é dans les séries
chronologiques hydrologiques et climatologiques (F. B.
Allechy et al., 2021, p. 98). Ainsi, le rapport est mesuré a
partir de la statistique S de Mann-Kendall qui s’obtient par
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la comparaison deux a deux de I’observation de I’année k a
toute donnée d’année postérieure j (j > k). Cette statistique
S a été obtenue sur la base de la formule :

S
n-1 n

S s
k=14 j=k+1

sgn(X;_X,) = 1siX; — X, > 0
— Xy) ou sgn(Xj_Xk) =1siX;—X, =0
sgn(X;_X,) =1siX; — X, <0
La statistique S représente donc la différence entre le
nombre de différences positives et négatives. En présence
de valeurs identiques dans la série, la variance de S peut étre
défini (A. G. Bi Tié et al., 2012, p. 1070) a partir de
I’équation ci-dessous :

Var(S) = 1_18 nn—1)(2n+5)

q

- Z t,(t, — 1)(2t, + 5)
p=1
Avec tp le nombre de fois qu’un groupe de p observations
identiques est rencontré dans une série chronologique et q
le plus grand nombre d’observations inclues dans un groupe
d’observations identiques (LCSQA, 2016, p. 1). La
distribution Z permet d’évaluer la significativité statistique
de la tendance a partir de la formule suivante :
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( S—-1 .
siS>0
Jvar(S) .
. Z > 0 tendance monotone croissante
7= 0 sis=0ou{ Olss:
S+1 Z < 0 tendance monotone décroissante
siS <0

Far®
Cette analyse a servi a mieux analyser la fréquence des
éveénements climatiques extrémes durant les quarante-cing
(45) dernicres années. A cet effet, le test permet de faire le
choix entre les deux hypotheses a partir d’un niveau de
confiance ou niveau de signification noté a. Ce niveau de
signification représente la probabilité pour que la valeur du
test statistique soit supérieure ou égale a la valeur observée
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lorsque I’hypothése nulle HO est vraie (1. Toure et al., 2022,
p. 126).

III. RESULTATS ET DISCUSSION

3.1. Variabilité climatique interannuelle dans le domaine
soudanien au Bénin

3.1.1. Evolution des pluies mensuelles régionalisées

La figure 2 montre que les pluies mensuelles extrémes
régionalisées sont fortement concentrées entre avril et
octobre, période de la saison pluvieuse dans le domaine
soudanien.
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Fig.2 : Evolution des pluies moyennes extrémes régionalisées dans le secteur d’étude

Dans le sous-domaine tropical humide, les hauteurs
moyennes passent d’environ 35 mm en mars a 70 mm en
avril, puis augmentent progressivement a 120 mm en mai,
160 mm en juin et prés de 200 mm en juillet, avec un
maximum d’environ 220 mm en aott. Cette forte
pluviométrie s’explique par I’installation compléte de la
mousson ouest-africaine et la remontée du front
intertropical qui favorisent 1’apport d’humidité. Selon G.
Chagnaud (2020, p. 1), la mousson d’Afrique de ’Ouest est
a I’origine du régime des pluies au Sahel, région semi-aride
comprise entre le désert du Sahara au Nord et les foréts
équatoriales au Sud. Aprés aout, les pluies diminuent
progressivement a 210 mm en septembre puis 100 mm en
octobre, marquant le retrait progressif de la saison humide.
Dans le sous-domaine tropical sec, la dynamique est
similaire mais avec une intensité plus forte en cceur de
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saison. Les moyennes passent de 25 mm en avril a 110 mm
en mai, 150 mm en juin, 210 mm en juillet et a environ 260
mm en aolt, avant de chuter a 190 mm en septembre et 50
mm en octobre. Les extrémes observés dépassent 420 mm,
traduisant une variabilité¢ pluviométrique plus marquée et
des épisodes convectifs plus intenses. De novembre a
février, les précipitations restent presque nulles dans les
deux cas (<10 mm), sous l’influence dominante de
I’harmattan sec et continental.

3.1.2. Evolution des températures mensuelles dans le
domaine soudanien au Bénin

La figure 3 présente 1’évolution mensuelle des températures
extrémes dans le domaine soudanien du Bénin entre 1981 et
2025.
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Fig.3 : Evolution des températures extrémes dans le domaine soudanien au Bénin

Les données montrent une évolution contrastée des
températures moyennes dans le domaine soudanien du
Bénin (figure 3). Dans le régime tropical humide, les
valeurs thermiques sont comprises entre 24 °C en janvier et
28 °C en avril-mai. Ces valeurs passent a 25 °C en aofit-
septembre sous 1’effet des pluies. En milieu tropical sec, les
amplitudes sont plus fortes, avec des températures proches
de 22-23 °C en janvier, qui atteignent 33-34 °C en avril.
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Elles passent a 26-27 °C en aofit et affecte négativement les
secteurs de développement du pays que sont I’agriculture,
les ressources en eau, 1’énergie, la santé, les infrastructures,
I’aménagement urbain, le tourisme et la foresterie
(MCVDD, 2022, p. 4). La figure 4 met en évidence la
tendance des températures annuelles dans le domaine
soudanien du Bénin entre 1981 et 2025 et les différences
thermiques en milieu tropical humide et tropical sec.
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Fig.4 : Variabilité des pluies annuelles dans le domaine soudanien au Bénin entre 1981 et 2025

En milieu tropical humide, la tendance linéaire révele une
hausse moyenne de 0,018 °C/an, soit preés de 0,7 °C en 40
ans, avec une température initiale estimée a 26,4 °C en
1981. Le coefficient de détermination (R? = 0,17) traduit
une variabilité notable, mais confirme un réchauffement
progressif. A I’inverse, en milieu tropical sec, il s’observe
une pente quasi nulle (0,0002 °C par an) et un R?
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insignifiant (4 x 107). Cela indique une stabilité apparente
autour de 27,5 °C. Cette divergence souligne I’influence des
précipitations et de la couverture nuageuse dans le régime
humide, qui accentuent la variabilité¢ interannuelle, tandis
que le régime sec reste moins affecté. Ces constats
rappellent la vulnérabilit¢ du domaine soudanien aux
changements climatiques, avec des implications directes sur
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I’agriculture, la gestion de ’eau et le confort thermique des
populations.

3.2. Evolution des extrémes climatiques dans le domaine
soudanien au Bénin

3.2.1. Analyse de I’évolution des indices des extrémes
pluviométriques

International Journal of Advanced Engineering Research and Science, 13(7)-2026

3.2.1.1. Intensité des pluies extrémes (PRCPTOT,
RX1day, RX5day, SDII, R95p et R99p)

La figure 5 révele une forte variabilité spatio-temporelle des
indices d’intensité des pluies extrémes dans le secteur
étudié.
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Fig.5 : Variabilité spatio-temporelle des indices d’intensité des pluies extrémes dans le secteur

Le Preptot présente des variations entre 750 et 2 000 mm/an.
En effet, les plus fortes hauteurs ont été observées au sud,
notamment Savalou, Glazoué et Ouésse, ou les cumuls ont
dépassé 1750 a 2000 mm, tandis que l’extréme-nord a
enregistré les valeurs plus faibles, comprises entre 746,54 et
912,90 mm. Selon la DGEC (2022, p. 3), les précipitations
moyennes annuelles oscillent entre 700 mm (extréme nord)
a 1500 mm (extréme sud-est). Cette importance des pluies
au sud s’explique par I’influence des flux de mousson et par
les effets locaux du relief et de la couverture végétale qui
favorisent la convection. L’indice RX5day montre que les
pluies maximales sur 5 jours atteignent localement 90 a 110
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mm au centre et au sud-est. Cela traduit des épisodes
pluvieux trés concentrés entre 1981 et 2025. De méme, le
R99p présente des extrémes supérieurs a 115 mm et indique
des pluies exceptionnelles susceptibles de saturer
rapidement les sols. Le R95p variant entre 60 et 100 mm
confirme la fréquence des fortes pluies dans le secteur
d’étude. Ces variations favorisent le ruissellement intense,
car I’eau pluviale parvient a la surface du sol sur une courte
durée sans possibilité d’infiltration suffisante. Le Rlday
atteint également des maximas supérieurs a 35 mm/jour,
tandis que le SDII dépasse localement 9 mm/jour, surtout
dans les parties est et sud-est. Ces fortes intensités
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journaliéres augmentent le risque d’érosion, d’engorgement
des bas-fonds et d’inondation des zones habitées. A
I’inverse, le centre et nord-ouest présentent des valeurs plus
faibles (4 a 6 mm/jour pour le SDII) et traduisent une
moindre agressivit¢ pluviométrique. Ainsi, les risques
hydro-climatiques auxquels devraient face le secteur
d’étude, notamment le sud sont les inondations (92,33 %),
I’érosion (89,64 %), la sécheresse (57,11 %), la chaleur
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excessive (40,21 %) et les vents violents (33,22 %) (A. N.
A. Arouna et al., 2024, p. 498).

3.2.1.2. Sécheresses prolongées (CDD et CWD)

La variabilité spatio-temporelle des indices de sécheresses
prolongées (CDD et CWD) dans le domaine soudanien du
Bénin a été présentée par la figure 6.
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Fig.6 : Variabilité spatio-temporelle des indices de durée des pluies extrémes

L’indice CDD (jours secs consécutifs) atteint des valeurs
extrémes de 143 jours dans le nord, notamment a Karimama
et Kandi, traduisant une persistance de prés de cing mois
sans pluie. A Gogounou et Banikoara, les valeurs oscillent
entre 110 et 125 jours. Au sud (Parakou et Tchaourou), les
CDD diminuent & 40-60 jours, soit environ deux mois secs,
ce qui traduit une meilleure répartition des précipitations.
L’indice CWD (jours pluvieux consécutifs) reste
globalement faible, avec des maximas de 69 jours dans les
zones méridionales, contre seulement 45-50 jours dans le
nord. Cette différence montre que les séquences pluvieuses
sont plus longues et réguliéres au sud, mais trés limitées au
nord. L’écart entre 143 jours secs et 69 jours pluvieux
illustre la sévérité des contrastes climatiques régionaux. Ces
résultats soulignent que le nord subit des déficits hydriques
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prolongés qui résultent de la précocité de la fin de la saison
des pluies qui se traduit par une incidence négative sur la
productivité agricole (S. Ahodjide et al., 2024, p. 194).
L’ensemble du domaine soudanien enregistre entre 80 et
100 jours secs consécutifs, contre 55 a 65 jours pluvieux en
moyenne et est caractérisé par une dominance des périodes
de déficit hydrique. Cette variabilité impose une gestion
différenciée des ressources en eau et une planification
agricole adaptée aux réalités locales.

3.2.1.3. Fréquence des précipitations extrémes (R1mm,
R10mm et R20mm)

L’analyse des indices RIlmm, R10mm et R20mm a permis
d’analyser la variabilité spatio-temporelle des fréquences de
précipitations extrémes dans le secteur d’étude (figure 7).
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Fig.7 : Variabilité spatio-temporelle des indices de fréquence des pluies extrémes

L’indice RImm montre une forte occurrence des jours
pluvieux supérieurs a 1 mm, avec des valeurs dépassant 190
jours/an dans certaines zones méridionales (Save, Savalou),
contre environ 110-130 jours/an dans le nord notamment a
Kandi et Karimama. L’indice R10mm traduit la fréquence
des pluies modérées a fortes : les maximas atteignent plus
de 35 jours/an dans les zones centrales (Parakou,
Natitingou), tandis que les régions du nord enregistrent des
valeurs plus faibles, autour de 15-20 jours/an. Enfin,
I’indice R20mm, indicateur des pluies trés intenses, révéle
des disparités encore plus nettes : certaines localités
meéridionales dépassent 25 jours/an, alors que les zones
septentrionales restent limitées a 3-10 jours/an. Les jours
extrémement pluvieux diminuent sur I’ensemble des zones
a I’exception comme I’extréme-nord (sub-sahélienne) ou il
s’observe une augmentation des événements fortement
pluvieux (R. G. Kiki, 2020, p. 24). Cette distribution
spatiale confirme que le sud et le centre bénéficient d’une
pluviométrie plus abondante et réguliére, avec une
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fréquence élevée d’événements extrémes, tandis que le nord
demeure plus sec et moins exposé aux fortes pluies. Selon
G. A. Kouton (2022, p. 88), ce constat peut s’expliquer par
I’influence qu’a le relief sur les manifestations pluvieuses
dans le sud-ouest de la région d’étude. Ces contrastes ont
des implications directes : au sud, la récurrence des pluies
intenses accroit les risques d’inondations et d’érosion, alors
qu’au nord, la rareté des événements extrémes accentue la
vulnérabilité aux sécheresses.

3.2.2. Analyse des extrémes de températures

3.2.2.1. Indices d’intensité de température extréme
(TXx, TNx, TXn et TXx)

L’analyse des indices d’intensité de température ont permis
d’évaluer la répartition spatiale des fortes chaleurs et des
extrémes thermiques froids et d’identifier les zones les plus
exposées aux vagues de chaleur, aux nuits chaudes et aux
variations thermiques marquées (figure 8).
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Fig.8 : Tendances et significativités des indices d’intensité de températures extrémes

A Parakou, I’indice SU (jours chauds consécutifs) présente
une tendance légeérement a la hausse (Z = 1,11 ; p = 0,27)
mais non significative. Cependant, les valeurs de 1’indice
TR (nuits tropicales) indiquent augmentation significative
(Z=2,15;p=0,03; Sen slope = 0,43) des nuits chaudes. Il
s’observe une stabilité des extrémes diurnes, puisque
I’indice TX90P (jours chauds au-dessus du 90¢ percentile)
est non significatif (Z = 1,30 ; p = 0,19). Par contre, TN9OP
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(nuits chaudes au-dessus du 90¢ percentile) montre une
tendance trés significative (Z=4,13 ; p <0,001 ; Sen slope
= 1,25) marquée par une forte intensification des nuits
chaudes. A Kandi, les tendances sont plus modérées, avec
I’indice SU qui enregistre une tendance non significative a
la baisse (Z =-1,32 ; p=0,19) des jours chauds consécutifs
entre 1981 et 2025. Dans le secteur nord-soudanien, TR
indique hausse non significative (Z = 0,81 ; p = 0,41 ; Sen
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slope = 0,13) des nuits tropicales. De plus, les valeurs de
TX90P (Z = -0,05 ; p = 0,96) montrent une stabilité des le
temps des extrémes diurnes. Enfin, TN9OP est significatif
(Z =286 ; p=0,004 ; Sen slope = 0,71), traduit une
augmentation des nuits chaudes, mais moins marquée qu’a
Parakou. Dans 1’ensemble du secteur d’étude, de 1981 a
2025, le sud, secteur a climat tropical humide est caractérisé
par I’intensification des nuits tropicales et nuits chaudes,
tandis que le nord, secteur a climat tropical sec est dominé
par I"augmentation des nuits chaudes. Ces différences de

International Journal of Advanced Engineering Research and Science, 13(7)-2026

tendance montrent que le sud, plus humide, est davantage
affecté par le réchauffement nocturne, alors que le nord,
plus sec, conserve une stabilité apparente des extrémes
diurnes.

3.2.2.2. Indices de durée de températures extrémes
(WSDI et CSDI)

L’analyse des indices de sécheresse montre des
comportements contrastés entre Parakou et Kandi (figure
9).
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Fig.9 : Tendances et significativités des indices durée de températures extrémes

Le WSDI (durée des vagues de chaleur) présente une 1égére
baisse a Parakou avec une pente de Sen de -0,33 et des pics
atteignant pres de 50 jours en 1984 et 2001, mais cette
tendance reste non significative (p = 0,506). A Kandi, le
WSDI reste globalement stable avec une pente nulle (Sen
slope = 0) malgré un maximum d’environ 43 jours observé
vers 2013 (p = 0,572), traduisant une irrégularité des vagues
de chaleur sans tendance statistiquement marquée. En
revanche, le CSDI (durée des vagues de froid) montre une
diminution plus nette, surtout a Parakou ou la pente de Sen
est de -0,33 avec un test significatif (Z = -3,75 ; p =
0,000179). Les valeurs passent de plus de 50 jours au début
des années 1980 a presque 0 jour aprés 2015, ce qui indique
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une forte raréfaction des épisodes froids. A Kandi, la baisse
est plus faible et non significative (Z = -1,05 ; p = 0,292),
avec des pics isolés atteignant 45 jours en fin de série. Cette
évolution traduit un réchauffement progressif du climat,
marqué par la disparition des vagues de froid et la
persistance plus irréguliére des vagues de chaleur.

3.2.2.3. Indices de fréquence de température extréme
(SU, TR, TX90p et TN90p)

Les indices de fréquence des températures extrémes (SU,
TR, TX90p et TN90p) sont analysés afin de mettre en
évidence leurs évolutions au cours de 1981 a 2025 (figure
10).
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Fig. 10 : Tendances et significativités des indices de fréquence de températures extrémes

A Parakou, les indices TXX et TNX présentent des
tendances significatives a la hausse (Z = 2,18 ; p = 0,0291
etZ=2,11;p=0,0346), avec des pentes de Sen respectives
de +0,0316 et +0,0193 par an. Cela indique une
augmentation des extrémes chauds au sud du domaine. A
Kandi, ces indices ne montrent pas de tendance
significative. Pour les températures minimales annuelles
(TNN), la baisse est significative a Kandi (Z = -2,65 ; p =
0,00801 ; pente de Sen = -0,0408), alors qu’elle reste non
significative a Parakou. Les indices TXN ne révelent pas de
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signal robuste. De ce fait, I’ensemble des résultats illustre
qu’il y a un renforcement des extrémes chauds a Parakou et
une baisse des températures minimales extrémes a Kandi.
Cela explique la différenciation spatiale des dynamiques
thermiques au nord du Bénin.

3.3.  Quantification des changements et leur
significativité pour les indices de température
3.3.1. Extrémes pluviométriques
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Les extrémes pluviométriques représentent les épisodes de
fortes précipitations ou de sécheresse marquée observés
entre 1981 et 2025 dans le secteur d’étude (tableau II).
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Tableau I : Significativités des changements des pluies extrémes a partir de Mann Kendall

Stations CDD | CWD | Prcptot | RX1day | RXSday | SDII | R9Sp | R99p | RImm | R10mm | R20mm
Bante 0,7 -1,1 2,5 1,0 0,6 3,0 2,7 3,2 -0,6 2,3 2,7
Bassila 0,1 -0,8 1,7 0,4 0,5 2,5 2,5 2,8 -1,2 1,6 1,8

Djougou 0,9 -0,9 1,6 0,0 0,0 2,7 2,5 3,7 -1,4 1,1 2,0
Glazoue 0,0 -1,8 2,5 1,0 0,5 2,1 3,0 3,7 1,1 0,8 3,2

Gogounou 0,0 -0,4 2,3 -0,4 -0,6 24 2,4 3,2 -0,3 1,6 2,0
Kalalé -0,5 0,2 4,0 -0,7 -0,7 2,5 2,7 33 1,4 34 2,2
Kandi 0,0 -0,4 2,3 -0,4 -0,6 24 2,4 3,2 -0,3 1,6 2,0

Karimama 0,5 0,0 -2,1 -0,6 -1,0 0,4 0,3 2,3 -1,8 -0,5 0,3
Kerou 0,7 -0,7 3,2 -0,2 -0,5 2,8 2,7 3,4 -1,1 2,3 2,2

Kouande -0,2 -1,5 4,8 -0,5 -0,7 3,1 2,8 4,1 -0,6 3,5 2,9

Malnville 0,5 0,0 -2,1 -0,6 -1,0 0,4 0,3 2,3 -1,8 -0,5 0,3
Materi -0,3 -1,2 4,6 -0,5 -0,7 3,0 3,3 3,3 -0,1 3,9 2,8
Ndali 0,4 -1,3 3,8 -0,6 -0,8 2,9 2,3 3,1 -0,7 3,0 1,9
Nikki -1,1 -0,7 3,1 -0,3 -0,5 2,2 1,9 2,5 -0,6 2,1 1,2
Ouesse 0,6 -1,6 1,7 0,6 0,4 1,8 2,7 3,1 0,1 0,2 2,9
Parakou 0,5 -0,4 -0,3 -0,1 -0,1 1,7 1,0 1,8 -1,7 -0,1 0,6

Pehounko 0,3 -0,8 4,3 -0,6 -0,8 3,6 3,4 2,9 -1,1 2,9 2,9
Perere 0,0 -1,0 -0,3 0,1 0,1 0,7 0,8 1,5 -1,5 -0,1 0,7
Savalou -0,1 -1,4 2,9 1,4 0,8 3,1 2,9 2,8 -0,1 2,7 2,9
Ségbana 0,1 0,7 2,6 -0,2 -0,4 24 2,7 34 0,2 2,2 2,3
Sinendé -1,0 -0,7 4,6 -0,1 -0,4 2,8 3,0 3,6 0,5 3,7 2,5

Tanguiéta 1,0 -1,2 2,6 -0,2 -0,6 2,9 2,9 3,3 -1,2 2,4 3,0

Tchaourou 0,5 -0,9 -0,1 0,1 0,2 1,3 1,6 2,4 -1,2 -0,3 1,4

Le test de Mann-Kendall révéle une tendance générale a la
hausse des pluies extrémes sur la majorité des stations du
Bénin, avec une tendance significative marquées pour les
indices PRCPTOT, RX1day, RX5day, SDII, R95p et R99p.
Les stations de Kouandé (PRCPTOT =4,8), Sinendé
(PRCPTOT =4,6) et Kalalé (PRCPTOT =4) présentent les
augmentations les plus significatives. Cela indique une
accentuation des précipitations totales et des jours tres
pluvieux. Par contre, les indices CDD et CWD montrent des
tendances négatives dans plusieurs stations (jusqu’a -1.8 a
Glazoué), suggérant une légeére réduction de la durée des
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séquences seches et humides. Dans 1’ensemble du secteur,
la variabilité spatiale pluviométrique est plus prononcée
dans le Nord (Kouandé, Sinendé, Kalalé) que dans le Sud
(Malanville, Parakou).

3.3.2. Extrémes de températures

Les extrémes de températures correspondent aux épisodes
de chaleurs intenses ou de froids inhabituels observés de
1981 a 2025. Leur analyse a permis d’identifier les
changements climatiques et d’évaluer les tendances
thermiques (tableau III).
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Tableau 11 : Significativités des changements des indices de température extréme

Indice Z_MK Tau_Kendall | Sen_Slope | p_value Significativité
Parakou
csdi -3,71 -0,41 -0,29 0,00 Significatif
su 1,11 0,13 0,00 0,27 Non significatif
Tn90p 4,13 0,43 1,25 0,00 Significatif
Tnn -1,52 -0,16 -0,02 0,13 Non significatif
Tnx 2,11 0,22 0,02 0,03 Significatif
tr 2,23 0,23 0,54 0,03 Significatif
Tx90p 1,30 0,14 0,39 0,19 Non significatif
Txn 1,41 0,15 0,01 0,16 Non significatif
Txx 2,18 0,23 0,03 0,03 Oui
wsdi 0,76 0,09 0,00 0,45 Non significatif
Kandi
csdi -1,48 -0,17 0,00 0,14 Non significatif
wsdi 0,65 0,08 0,00 0,52 Non significatif
su -1,32 -0,16 0,00 0,19 Non significatif
TN9OP 2,86 0,30 0,71 0,00 Significatif
TNN -2,65 -0,28 -0,04 0,00 Significatif
TNX -1,29 -0,14 -0,01 0,19 Non significatif
tr -0,03 0,00 0,00 0,98 Non significatif
TX90P -0,05 -0,01 -0,01 0,96 Non significatif
TXN -0,25 -0,03 0,00 0,81 Non significatif
TXX 0,75 0,08 0,01 0,45 Non significatif

Source : Resultats du traitement des données, février 2026

A Parakou, plusieurs indices montrent des changements
significatifs. L’indice CSDI (séquences froides) diminue
fortement (Z = -3,71 ; Sen slope = -0,29 ; p = 0,00),
traduisant une réduction des vagues de froid. A I’inverse,
TNIOP (nuits chaudes) a nettement augmenté (Z = 4,13 ;
Sen slope = 1,25 ; p = 0,00), confirmant une intensification
des nuits chaudes. De méme, TNX (température minimale
maximale) et TR (nuits tropicales) sont significatifs (Z =
2,11 et 2,23 ; p = 0,03) et indiquent une hausse des
températures nocturnes. Enfin, TXX (maximum absolu des
températures) a montré une tendance significative a la hause
(Z=12,18; p=0,03) des extrémes chauds. Par ailleurs, SU,
TX90P, Txn ou WSDI ne montrent pas une tendance
significative de séquences chaudes prolongées. A Kandi,
TNO9OP traduit une augmentation significative (Z = 2,86 ;
Sen slope = 0,71 ; p = 0,00) des nuits chaudes. A ’inverse,
avec TNN (température minimale absolue) les vagues de
froid diminuent significativement (Z = -2,65 ; Sen slope = -
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0,04 ; p =0,00). Les indices (SU, TX90P, TXN, TR, TXX,
WSDI) présentent une stabilité des extrémes chauds diurnes
et des séquences prolongées. L’analyse de extrémes de
température montre qu’a Parakou, il s’observe une
intensification des nuits chaudes (maxima de température),
tandis qu’a Kandi, il s’observe une évolution marquée par
I’augmentation des nuits chaudes et la baisse des
températures minimales extrémes.

Iv. CONCLUSION

Le diagnostic basé sur les indices ETCCDI a montré que le
domaine soudanien du Bénin est caractérisé par des pluies
plus intenses et des températures plus élevées. En effet,
entre 1981 et 2025, les précipitations totales (PRCPTOT)
ont connu une augmentation significative a Kouandé (4,8),
Matéri (4,6), Sinendé (4,6) et Kalalé (4,0). Les indices de
fortes pluies journaliéres (RX1day, RX5day) ont présenté
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une légeére baisse. Les indices de pluies intenses (R95p,
R99p) ont enregistré une hausse significative qui a atteint
4,1 a Kouandé et 3,9 a Matéri. La fréquence des jours
pluvieux (R10mm) a progressé de 3,9 a Matéri et de 3,7 a
Sinend¢, tandis que les jours trés pluvieux (R20mm)
culminent a 2,9 a Kouandé¢ et Matéri. De plus, les séquences
séches (CDD) et humides (CWD) ont indiqué une baisse
significative surtout sur les stations de Glazoué (-1,8) et de
Ougsse (-1,6). Par ailleurs, les extrémes de température ont
montré qu’a Parakou, les extrémes chauds s’intensifient
avec une hausse significative des nuits chaudes
(TN90p =4,13 ; p=0,00), des nuits tropicales (TR =2,23 ;
p=0,03) et du maximum absolu (TXX=2,18 ; p=0,03),
tandis que les séquences froides diminuent (CSDI=-3,71 ;
p=0,00). A Kandi, I’évolution est plus limitée : seule la
hausse des nuits chaudes (TN90p=2,86 ; p=0,00) et la
baisse des minima extrémes (TNN =-2,65 ; p=0,00) sont
significatives. Il faut donc adoptées des stratégies
d’adaptions et de résilience pour répondre efficacement aux
impacts de ces extrémes qui aggravent les risques
auxquelles les ressources naturelles et les communautés
locales sont confrontés dans le domaine soudanien au
Bénin.
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obtained using holographic lenses with a typical f-number 7.1
demonstrate that by employing an appropriate recording and
reconstruction geometry for holographic lenses, the four-hololens
configuration provides higher measurement sensitivity, reducing the
minimum measurable in-plane displacement than the existing two-

hololens systems.
holographic lenses, coherent imaging.

I. INTRODUCTION achieve their required function through the phenomenon of
diffraction [6]. Equivalence of holographic lenses as zone

Precise measurement of in-plane displacement is
plates has been established [7]. Recent works uses

essential in precision engineering, structural analysis, and
advanced manufacturing applications. Various optical holographic lenses in speckle metrology [8-11], laser
techniques have been developed for this purpose,
including speckle photography and interferometry [1],

moiré interferometry [2], holography interferometry [3],

Doppler anemometry [12], optical fiber communication
[13], head up display [14], photovoltaic concentrators [15-
16], and many other fields [17-20].

Holographic lenses have been employed in different
recording and reconstruction geometries for measuring in-
plane displacements in speckle metrology. Shakher et. al
[21] first demonstrated the use of a single holographic lens
for in-plane displacement measurement. However, in

and grating interferometry [4].

Nowadays, holography has been established as a
superior technique for fabricating lightweight, inexpensive
optical elements such as gratings, lenses, mirrors, beam
splitters, etc. A holographic lens is the hologram of a point
source [5-6]. It can be recorded using the interference
pattern of a coherent plane wave and a spherical wave [5-
6]. The interference pattern is recorded on a high
resolution holographic film. When holographic lenses are
reconstructed with coherent beam of monochromatic light,

speckle metrology, one usually deals with an extended
object and a single holographic lens gives aberration-free
imaging performance only for a single point [6], which is
the source of spherical wave during holographic lens
recording [6]. Therefore, to obtain aberration-free imaging
performance over an extended object field, Shakher [22-
23] proposed a two-hololens coherent imaging system in
speckle metrology. In this configuration, aberrations
introduced by the first holographic lens for various points

they show focusing properties like conventional lenses.
However, unlike their conventional counterparts, which
work on the phenomenon of refraction, holographic lenses
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on the extended object are nullified by the second
holographic lens. Based on this aberration-compensation
imaging principle [23-24], four identical holographic lens
based systems have been investigated by Yadav et al. [25].
Later, Jayaswal et al. [26], use a double-aperture two-
hololens system for simple alignment procedure.

In the two-hololens imaging system reported in Ref.
[22-23], the minimum measurable in-plane displacement,
i.e., the measurement sensitivity (o), is given by average
speckle size, o = 1.22 A F#[22-23], where F# is the f-
number of the lens defined as ratio of focal length to
diameter. In the double-aperture two-hololens system [26],

each speckle is modulated by plane grating structure of
A

2sing

period . Therefore, the measurement sensitivity of the

double-aperture two-hololens system is given by

a= ﬁ , where ¢ is the semi-angle subtended by each

aperture at the image-plane [26]. For a lens of diameter D

and focal length f, sing =2% = AF#, when using the

entire lens aperture [27]. This limits the measurement
sensitivity of double-aperture two-hololens system to
@ = A F#[27]. Further, one can record a holographic lens
with a limited F# only that depends on the size of the
pinhole used to obtain spherical beam in holographic lens
recording [27]. Thus, the measurement sensitivity of both
two-hololens and double-aperture two-hololens imaging
systems is governed by the f-number (F#) of holographic
lenses. In the four-hololens system, each and every
speckles formed at the image plane is also modulated with
a planar grating pattern, therefore measurement sensitivity

(10,

of the four-hololens system is also equal to

A
2sing
27].

In this work, experiments were carried out using
holographic lenses recorded with a typical f-number 7.1
with lens diameter 25 mm, focal length 178 mm, and inter-
beam recording angle of 18° between plane and spherical
beams, in a two-hololens system and in a double-aperture
two-hololens system, and a four-hololens system to
measure in-plane displacements. The performance of these
configurations was comparatively investigated in terms of
their minimum measurable in-plane displacement
(measurement sensitivity). The experimental results
demonstrate that when holographic lenses recorded with a
typical F# are used in a four-hololens system, the
measurement sensitivity is not limited by the F# of the
holographic lenses. Thus, the use of holographic lenses
recorded with a typical F# in a four-hololens system is
advantageous for measuring smaller in-plane displacement
over the two-hololens and double-aperture two-hololens
systems.
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II. EXPERIMENTAL
2.1 Lens Recording and Playback Geometries

All the holographic lenses used in this work were
recorded by interfering spherical beam originating from a
point source (pinhole) and plane beams of laser light on
high-resolution holographic plate. To obtain on-axis
imaging performance in the two-hololens system, the
spherical beam was incident normally on the recording
plane and a plane beam was incident at a typical angle of
18° with the spherical beam, as illustrated in Fig. 1.

Plane
Wavefront

Diverging
Spherical
Wavefront

Photosensitive
Plate

Fig. 1: Simplified holographic lens recording
geometries using plane and spherical wavefronts for two-
hololens system

However, to record the holographic lenses for the four-
hololens system, the plane beam was incident normally on
the recording plane and the spherical beam was incident a
typical angle of 18° with respect to normal to the recording
plane, as shown in Fig. 2.

A 12 mW He-Ne laser (Newport make) operating at a
wavelength of 0.6328 um was used to generate both the
spherical and plane beams. During recording, the 5 um
diameter pinhole (Newport make), which was the point
source for generating spherical beam, was positioned at a
distance of 178 mm from the recording plane.
Consequently, the recorded holographic lenses had a focal
length of 178 mm. PFG-01 silver halide holographic plates
[28] were used in recording. After giving proper exposure
to the plates, they were developed using standard
procedure [29-30].
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Photosensitive
Plate

Plane -
Wavefront

Diverging Spherical
Wavefront

Fig. 2: Simplified holographic lens recording
geometries using plane and spherical wavefronts for four-
hololens system

2.1 In-Plane Displacements Measurement Using
Compact Two-Hololens, Double-Aperture Two-
Hololens, and Four-Hololens Coherent Imaging
Systems

X -Axis

Fig. 3(a) and Fig. 3(b) illustrate the experimental
configurations employed for in-plane displacement
measurement using the two-hololens and double-aperture
two-hololens systems, respectively. Both configurations
utilize two identical holographic lenses recorded as shown
in Fig. 1 with F# 7.1. Fig. 4 illustrates the experimental
setup of the four-hololens system for in-plane
displacement  measurement, which employs the
holographic lenses recorded as shown in Fig. 2 with the
same F#. An expanded and spatially filtered laser beam
with a wavelength of A = 0.6328 um was incident on an
optical diffuser plate mounted on a linear translation stage
connected with motion controller (XPS series, Newport
make). The diverging speckle field emerging from the
diffuser was directed onto holographic lens systems. The
holographic lens systems formed image of the diffuser
plate, which contains the speckle pattern generated by the
diffuser.

HL;
Z-Axis
Y-Axi 9
Axis 7
Laser —pj |
=¥
v
i
Spatial filtering 3 f _________ .
(a)
HL, HL, |
0

Laser _.j‘

—3

Yl

v
—

Spatial filtering

(b)

Fig. 3: Schematic geometries illustrating experimental setups for measuring in-plane displacements, (a) using two-
hololens system, (b) using double-aperture using two-hololens system. In the figure, HL; and HL are identical holographic
lenses, O is an optical diffuser, I is the image plane, and f'is the focal length of the holographic lenses
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Fig. 4: Schematic of the experimental setup for measuring in-plane displacements, using four-hololens system.HL,, HL,

. HL'l, l-Il.'.2 are identical holographic lenses, and fis the focal length of the holographic lenses

Double-exposure technique [24] was employed for
measuring in-plane displacements that were applied to an
optical diffuser. Double-exposure specklegrams
corresponding to the different in-plane displacements
values were recorded on PFG-01 silver halide holographic
plates [28]. Silver halide recording materials possess high
spatial-resolution and wide dynamic range along with
high-sensitivity which help in accurately recording the fine
details of speckle patterns [28]. For each measurement, the
first exposure was recorded with the object in its initial
position. The object was then translated by a known in-
plane displacement along the x-axis, parallel to the
holographic lens plane (see Fig. 3 and Fig. 4), using a
precision motion controller (XPS series, Newport make),
and a second exposure was recorded on the same plate.
The recorded double-exposure specklegrams
subsequently processed using the point-wise filtering
technique to obtain the Young’s fringe patterns for

were

displacement analysis [24].

The two-hololens imaging system produces
Young 's-type speckle correlation fringes only within the
central (zero-order) diffraction halo. In contrast, the
double-aperture two-hololens and four-hololens imaging
systems generate speckle correlation fringes in both the
central (zero-order) and the first-order (£1) diffraction
halos [24]. However, for comparative analysis of these
imaging systems, fringe-width measurements were
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performed only in the zero-order diffraction halo.
Schematic of point-wise filtering method of doubly
exposed specklegrams shown in Fig. 5. When an
unexpanded laser beam is incident on the recorded
specklegram, Young’s-type correlation fringes are formed
within the diffraction halo, from which the in-plane

displacement was determined.

The in-plane displacements can be determined by
measuring the width of Young’s fringes formed within the
zero-order diffraction halo using the equation (1)

iz

dx:?

denotes the applied

M

In this equation, d, in-plane
displacement of the object point in a direction parallel to
the plane of holographic lenses, A is the wavelength of the
illuminating light, Z is the distance between the recording
medium and the observation plane, and [ represents the
average fringe spacing.

Several double exposure specklegrams were obtained
to determine the minimum detectable displacements with
holographic lenses (F# = 7.1) in these imaging systems at a
wavelength of A = 0.6328 um. Tables 1, 2, and 3 present
the measured in-plane displacements obtained using the
two-hololens system (Fig. 3 (a)), double-aperture two-
hololens system (Fig. 3 (b)), and the four-hololens system
(Fig. 4), respectively.
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Fig. 5: Schematic illustrating fringe formation in zero-order (central) diffraction halo in the pointwise filtering method.

Table. 1: Applied and measured in-plane displacements using holographic lenses with F# 7.1 in a two-hololens system (Fig.

3 @)
Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dy (um) Specklegram and B (mm) error in the
(in wm) screen measurement
Z (cm)
6 5.70 30 33.30 5.0
10 9.47 30 20.10 5.3
15 14.16 30 13.40 5.6
25 23.44 30 8.10 6.2
50 46.40 30 4.10 7.2

Table. 2: Applied and measured in-plane displacements using holographic lenses with F# 7.1 in the double-aperture two-

hololens system (Fig. 3 (b))

Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dx (um) Specklegram and B (mm) error in the
(in pm) screen measurement
Z (cm)
6 5.68 30 33.42 5.3
10 9.49 30 20.00 5.1
15 14.17 30 13.39 5.5
25 23.37 30 8.12 6.5
50 46.30 30 4.10 7.4
www.ijaers.com Page | 21
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Table. 3: Applied and measured in-plane displacements using holographic lenses with F# 7.1 in the four-hololens system

(Fig. 4).
Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dy (um) Specklegram and B (mm) error in the
(in pm) screen measurement
Z (cm)

3 2.83 30 67.08 5.6

10 9.51 30 19.96 4.9

15 14.25 30 13.32 5.0

25 23.48 30 8.08 6.1

50 46.35 30 4.09 7.3

Fig. 6 shows the diffraction halo containing Young's
fringes only in the central (zero-order) halo,
corresponding to an in-plane displacement of 15 pum,
obtained using the two-hololens system. Whereas, Fig.
7(a) and Fig. 7(b) show diffraction halos containing
Young's fringes in both the central (zero-order) and first-
order halos, corresponding to the same in-plane
displacement of 15 pm, obtained using the double-

aperture two-hololens system and the four-hololens
system, respectively.

Fig. 7: Photograph of diffraction halos showing Young's
fringes in both the central (zero-order) and first-order
halos for an in-plane displacement of 15 um, obtained

using, (a) double-aperture two-hololens system,d (b) four-
hololens system.

Fig. 6: Photograph of diffraction halo showing Young's III. RESULTS AND DISCUSSIONS

Jringes only in the central (zero-order) halo for an in- In this work, holographic lenses recorded with a typical f-

plane displacement of 15 um, obtained using the two- number of F# = 7.1, with focal length of 178 mm, lens

hololens system . . )
diameter of 25 mm, and an inter-beam recording angle of

18° between the plane and spherical recording beams
were employed in a two-hololens system, a double-
aperture two-hololens system, and a four-hololens system
for the measurement of in-plane displacement. The
corresponding experimental results are summarised in
Tables 1, 2, and 3, respectively. The performance of these
configurations was comparatively evaluated in terms of
their minimum measurable in-plane displacement
(measurement sensitivity). Theoretically, the
measurement sensitivity () at wavelength A for the two-
hololens system using holographic lenses of f-number F#
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is ¢ = 1.22 A F#, whereas the measurement sensitivity

(o) for the double-aperture two-hololens system is
o= AF#

Thus, for holographic lenses with F# = 7.1 at a
wavelength of 0.6328 um, the theoretical measurement
sensitivity is 6 = 1.22 AF# = 5.48 um for the two-hololens
system and ¢ = AF# = 4.49 pm for the double-aperture
two-hololens  system. Several double exposure
specklegrams were obtained to determine the minimum
detectable displacements. Experimentally, the minimum
measurable  in-plane  displacement  (measurement
sensitivity) was found to be 5.70 um for the two-hololens
system and 5.68 um for the double-aperture two-hololens
system using the whole lens aperture, which are in good
agreement with the theoretical predictions. Whereas,
when the holographic lenses with the same F# were
employed in the four-hololens system, the minimum
measurable in-plane displacement was 2.83 um,
representing a substantial improvement in measurement
sensitivity using four-hololens system.

IV.  CONCLUSION

The experimental results demonstrate that the four-
hololens configuration enables significantly higher
measurement sensitivity even when using holographic
lenses recorded with a typical f-number, thereby
overcoming the conventional limitation of measurement
sensitivity imposed by the lens f-number in a two-
hololens and double-aperture two-hololens systems.
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Abstract— To achieve diffraction-limited imaging over extended
objects with negligible monochromatic aberrations, coherent imaging
systems based on two identical holographic lenses in a conjugate
arrangement have gained considerable attention in speckle metrology.
However, the measurement sensitivity, defined as the minimum
measurable in-plane displacement of a two-hololens system, is limited
by the f~-number of the holographic lenses. To overcome the dependency
of measurement sensitivity on_f-number of holographic lenses, the use of
a double-aperture four-hololens system is investigated. Holographic
lenses are employed from both emulsion and glass sides in the four-
hololens system. Experiments were performed using holographic lenses
recorded with a typical f-number of 7.1 and inter-beam recording
angles of 11° and 18° between the plane and spherical recording
beams. The experimental results demonstrate that holographic lenses
recorded with a larger inter-beam recording angle provide high
measurement sensitivity, while the use of holographic lenses from
emulsion and glass sides has no significant effect on the in-plane
displacement measurement. Furthermore, employing holographic lenses
on both the emulsion and glass sides facilitates the easy alignment of
the holographic lenses within the four-hololens system.

I. INTRODUCTION

Precise measurement of in-plane displacement is of

fundamental importance in precision

structural analysis, and advanced manufacturing. Laser
speckle techniques are widely used in experimental
mechanics to measure displacement and deformation in
engineering structures. Since the pioneering work of
[2-3],
demonstrated the use of laser speckles in in-plane
displacement measurements, extensive research has been
conducted in many laboratories, resulting in significant
advancements in the speckle-based methods [4]. These

Leendertz and Archbold et al.

[1]

techniques are generally categorized into
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engineering,

photography and speckle interferometry. These speckle-
based measurement techniques have been widely
employed for measuring in-plane displacements, out-of-
plane tilts, in-plane rotations, vibrations, and non-
destructive testing applications [5-8].

Holography is a well-established technique for fabricating
lightweight and low-cost optical elements, including
gratings, lenses, mirrors, and beam splitters [9]. A
holographic lens, which is the hologram of a point source
[10-11], is recorded by the interference of a coherent plane
wave and a spherical wave on a high-resolution
holographic film [11]. When reconstructed with coherent
it exhibits focusing properties

which

speckle monochromatic light,
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similar to a conventional lens but operates through
diffraction rather than refraction. Beyond speckle
metrology, holographic lenses have found recent
applications in laser Doppler anemometry [12], optical
fiber communication [13], head-up displays [14],
photovoltaic concentrators [15-16], and other optical
systems [17-20].

To measure in-plane displacements with high precision in
speckle metrology, Shakher et al. [21] first demonstrated
the use of a single holographic lens-based imaging system.
However, in speckle metrology, one usually deals with an
extended object, and a single holographic lens gives
aberration-free imaging performance only for a single
point, which is the source of the spherical wave during
holographic lens recording [11]. Therefore, to obtain
aberration-free imaging performance over an extended
object field, Shakher [22-23] proposed a two-hololens
coherent imaging system in speckle metrology. Shakher
demonstrated that aberrations introduced by the first
holographic lens for various points on the extended object
are nullified by the second holographic lens.

For the direct measurement of in-plane displacement
components, analogous to Duffy’s imaging system [24],
Jayaswal et al. developed low-cost double-aperture
imaging systems with two identical holographic lenses
with a twin-aperture mask, based on the aberration-
correction principle of the two-hololens system [25]. In
these double-aperture configurations [24-25], each speckle

is modulated by a plane grating structure of period 2sing

due to the interference of two speckle fields coming from
the apertures. Consequently, the minimum measurable in-
plane displacement, i.e., the measurement sensitivity (o) of

the double-aperture system, is given by @ = , where

2sing
¢ is the semi-angle subtended by each aperture at the
image plane. For a lens of diameter D and focal length f,

sing =2£f = A (f /#), when using the entire lens aperture

[25]. Accordingly, the minimum measurable in-plane
displacement using conventional Duffy’s system [24] and
double-aperture two-hololens system [25] is limited to
g = A(f/#). Therefore, improving the measurement
sensitivity requires holographic lenses with a lower f-
number.

In practice, however, reducing the f-number of a
holographic lens is constrained by the recording process.
Since high-quality pinholes are available only in finite
sizes, the minimum achievable f-number is limited by the
diameter of the pinhole used to generate the spherical
recording beam. For a pinhole of diameter (d), the lowest

attainable f-number ﬁ [12, 26]. Consequently, the
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measurement sensitivity of the double-aperture two-
hololens systems is fundamentally limited by the minimum
achievable f-number of the holographic lenses.

This work investigates a double-aperture four-hololens
imaging system for in-plane displacement in speckle
metrology. Holographic lenses were employed from both
the emulsion and glass sides in the four-hololens
configuration. In-plane displacements were measured
using holographic lenses recorded with a f-number of 7.1
and typical inter-beam recording angles of 11° and 18°.
The experimental results demonstrate that holographic
lenses recorded with a larger inter-beam recording angle
enable the measurement of smaller in-plane displacements
at the same f-number compared with holographic lenses
recorded with a smaller inter-beam recording angle.
Furthermore, the results show that using holographic
lenses from either the emulsion or the glass side has no
significant influence on the measured in-plane
displacement. In addition, the use of holographic lenses
from both the emulsion and glass sides simplifies the
alignment procedure of the lenses in the four-hololens
system.

II. EXPERIMENTAL
2.1 Recording of Holographic Lenses

In order to achieve on-axis imaging performance in the
four-hololens system, holographic lenses were recorded
with mutually coherent plane and spherical beams of laser
light. While recording, the plane beam was incident
normally on the recording plane, and the spherical beam
was incident obliquely at an angle ¢ with respect to the
normal to the recording plane, as shown in Fig. 1. For
experimental analysis, holographic lenses were recorded
with typical values of ¢ = 11° and ¢ = 18°. A 12 mW He-
Ne laser (M/S Newport USA) operating at a wavelength of
0.6328 um was used to generate both the spherical and
plane beams. During recording, a 5 um diameter pinhole
(M/S Newport USA), which was the point source for
generating the spherical beam, was positioned at a distance
of 178 mm from the recording plane. Consequently, the
recorded holographic lenses had a focal length of 178 mm.
Using a pinhole of diameter (d = 5 pm) and a recording
wavelength (A = 0.6328 pm), the lowest attainable f-

number is given by (f/#) ﬁ = 3.24[12, 26]. From the

relation f/# = j—{; , where f is the focal length and D is the

lens diameter, the corresponding maximum attainable lens
diameter for a holographic lens of focal length 178 mm is
approximately 54 mm. However, using an appropriate
aperture, the diameter of the recorded lenses was kept at 25
mm. High-resolution PFG-01 silver halide holographic
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plates [27] were used to record holographic lenses. After
proper exposure to the PFG-01 plates, they were
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Fig. 1: Holographic lens recording geometries using plane and spherical wavefronts.

2.2 In-plane displacements measurement using
compact double-aperture four-hololens coherent
imaging systems

Fig. 2 illustrates the schematic of the experimental
configuration employed for in-plane displacement
measurement using the double-aperture four-hololens
systems with holographic lenses from glass and emulsion
sides. Holographic lenses recorded with an identical f-
number (f/# = 7.1) and different inter-beam recording
angles of 11° and 18° were employed in the imaging
system. An expanded and spatially filtered laser beam
with a wavelength of A = 0.6328 um was incident on an
optical diffuser plate mounted on a linear translation
stage. The diverging speckle field emerging from the
diffuser was directed onto the holographic lens system,
which formed an image of the diffuser plate containing
the speckle pattern generated by the diffuser.

Double-exposure technique [30] was employed for
measuring in-plane displacements that were applied to an
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optical  diffuser. = Double-exposure  specklegrams
corresponding to the different in-plane displacement
values were recorded on PFG-01 silver halide holographic
plates. Silver halide recording materials possess high
spatial resolution and wide dynamic range along with
high sensitivity, which help in accurately recording the
fine details of speckle patterns [27]. For each
measurement, the first exposure was recorded with the
object in its initial position. The object was then translated
by a known in-plane displacement along the x-axis,
parallel to the holographic lens plane (see Fig. 2), using a
precision motion controller (XPS series, Newport make),
and a second exposure was recorded on the same plate.
The recorded double-exposure specklegrams were
subsequently processed using the point-wise filtering
technique to obtain the Young’s fringe patterns for
displacement analysis [30]. Schematic of the point-wise
filtering method of doubly exposed specklegrams shown
in Fig. 3.
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Fig. 2: Schematic of the experimental setup for measuring in-plane displacements using the four-hololens imaging system,

Top: using holographic lenses from glass sides, Bottom: using holographic lenses from emulsion sides. HLy, HL, , HLIl , HLI2

are identical holographic lenses, f'is the focal length, and ¢ is the inter-beam recording angle between the plane and
spherical recording beams.

When an unexpanded laser beam is incident on the
recorded specklegram, the double-aperture four-hololens
imaging systems generate speckle correlation fringes in
both the central (zero-order) and the first-order (£1)
diffraction halos. However, due to the high visibility of
correlation fringes in +1% order [26], the width of fringes
was measured in the £1% order only using equation (1)
AZ (1)

- BycosY
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In this equation, d denotes the applied in-plane
displacement of the object point in a direction parallel to
the plane of holographic lenses, A is the wavelength of the
illuminating laser light, Z is the distance between the
recording medium and the observation plane, and [3;
represents the average fringe spacing, and Y is the angle
between central zero-order and + 1st order halos.

Several double exposure specklegrams were recorded to

determine  the minimum  measurable in-plane

displacements using holographic lenses (f/# = 7.1) and
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inter-beam recording angles of 11° and 18° in the imaging
systems at a wavelength of A = 0.6328 pum. Table 1
present the measured in-plane displacements obtained
using the holographic lenses recorded with inter-beam
recording angles of 11° and used from glass sides. Tables
2 and 3 present the measured in-plane displacements

International Journal of Advanced Engineering Research and Science, 13(7)-2026

obtained using the double-aperture four-hololens system
with holographic lenses recorded with inter-beam
recording angles of 18° and used from glass and emulsion
sides, respectively.

1*order diffraction halo

—— — pl

Zero order diffraction halo

—

v

Fig. 3. Schematic illustrating fringe formation in £1* order and zero-order (central) diffraction halo in the pointwise filtering
method.

Table. 1: Measured in-plane displacements in first-order using holographic lenses from glass sides with f/# 7.1 and inter-
beam recording angle 11° in a four-hololens system.

Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dy Specklegram and B, cosY (mm) error in the
(in pm) (pm) screen measurement
Z (cm)

3 2.88 30 65.92 4.0

5 4.79 30 39.63 4.2

10 9.61 30 19.96 3.9

15 14.40 30 13.18 4.0

25 23.98 30 7.92 4.1

Table. 2: Measured in-plane displacements in first-order using holographic lenses from glass sides with f/# 7.1 and inter-
beam recording angle 18° in a four-hololens system.

www.ijaers.com

Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dy (um) Specklegram and B, cosY (mm) error in the
(in pm) screen measurement
Z (cm)
2 1.92 30 98.88 4.1
5 4.82 30 39.38 3.7
10 9.62 30 19.73 3.8
15 14.42 30 13.17 3.9
25 23.95 30 7.93 4.2
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Table. 3: Measured in-plane displacements in first-order using holographic lenses from emulsion sides with f/# 7.1 and inter-

beam recording angle 18° in a four-hololens system.

Applied In-plane Measured In-plane Distance between Fringe spacing Percentage
displacement displacement dx (um) Specklegram and B, cosY (mm) error in the
(in wm) screen measurement
Z (cm)

2 1.91 30 99.39 4.4

5 4.80 30 39.55 4.0

10 9.59 30 19.80 4.1

15 14.40 30 13.18 4.0

25 23.90 30 7.94 4.4

Fig. 4(a) and Fig.4(b) show diffraction halos containing
Young's fringes in both the central (zero-order) and first-
order halos, corresponding to the in-plane displacements
of 2 um, and 10 um, obtained using the double-aperture
four-hololens system using holographic lenses recorded
with inter-beam recording angles of 18° between the plane
and spherical recording beams and used from the glass
sides in the four-hololens system. Whereas Fig. 5(a) and
Fig. 5 (b) show Young's fringes in both the central (zero-
order) and first-order halos, corresponding to the same in-
plane displacements of 2 pm and 10 um, using the same
holographic lenses from the emulsion sides in the four-
hololens system.

(@)

Fig. 4: Photographs of Young s fringes in £1*' order and
zero-order (central) diffraction halo for the in-plane
displacements of 2 um and 10 um, obtained using the

double-aperture four-hololens system with holographic

lenses recorded with inter-beam recording angles of 18°
and used from glass sides.
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Fig. 5: Photographs of Young's fringes in £1°" order and
zero-order (central) diffraction halo for the in-plane
displacements of 2 um and 10 um, obtained using the

double-aperture four-hololens system with holographic

lenses recorded with inter-beam recording angles of 18°
and used from emulsion sides.

II1. RESULTS AND DISCUSSIONS

In this work, holographic lenses with a typical f-number of
f/# = 7.1, focal length of 178 mm, lens diameter of 24
mm, and inter-beam recording angles of 11° and 18°
between the plane and spherical recording beams were
employed in a double-aperture four-hololens system for
the measurement of in-plane displacement. The
holographic lenses were used from both emulsion and
glass sides in the four-hololens system. The corresponding
experimental results are summarised in Tables 1, 2, and 3,
respectively. The performance of these configurations was
comparatively evaluated in terms of their minimum
measurable  in-plane  displacement  (measurement
sensitivity) for different inter-beam recording angles
keeping same f/#.
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Theoretically, the measurement sensitivity (o) at
wavelength A for the existing two-hololens system [22-23,
25] is limited by f-number (f/#) of holographic lenses. This
limitation arises due to the limitations imposed by pinhole
size on the minimum achievable f-number for holographic
lenses [26]. Using a holographic lens of f-number 7.1, the
minimum measurable in-plane displacement is 4.49 um at
wavelength A = 0.6328 um using the two-hololens system.

Experimental results presented in this work demonstrate
that the minimum measurable in-plane displacements were
2.88 um and 1.92 pm using holographic lenses recorded
with inter-beam recording angles of 11° and 18°,
respectively, between the plane and spherical recording
beams in the four-holographic lens system. This represents
an improvement of approximately 36% and 57%,
respectively, over the theoretical limit of 4.49 um for the
conventional two-hololens system employing holographic
lenses with the same f-number of 7.1. These results
indicate that using holographic lenses recorded with a
typical f/# and high inter-beam recording angles in a four-
hololens imaging system, the limitation imposed by f-
number of holographic lenses on minimum measurable in-
plane displacements can be avoided. Further, the
experimental results show that using holographic lenses
from either the glass side or the emulsions side in the four-
hololens system has no marked effect on the measurement
sensitivity. This provides the ease of alignment of
holographic lenses in the four-hololens system and make
the system experimentally viable for the measurement of
smaller in-plane displacements.
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Abstract— This article presents the natural frequencies and vibration
modes of the blade and disk of the first stage of an axial compressor
from a 5-kN thrust aeronautical gas turbine. The determination of the
natural frequencies and vibration modes of these components enables
an assessment of their dynamic behavior relative to the operating
range, aiming to avoid resonance. There are no analytical solutions for
the natural frequencies and vibration modes of structures with such
complex geometries; therefore, calculations are performed using
numerical computer simulations with Ansys® finite element software. To
ensure the reliability of the results, the software is calibrated using
simple beams for which analytical solutions exist. After verifying
excellent agreement between the analytical solutions and the numerical
computational results provided by Ansys® for simple beams, the same
methodology is applied to the blade and disk of the first-stage axial
compressor, which feature complex geometries. The results obtained for
the blade and disk of the aeronautical axial compressor under study
show excellent consistency - given the geometry and material used - and
allow for an assessment of the components' dynamic behavior to
prevent resonance-related issues.

I. INTRODUCTION

Determining the natural frequencies and vibration
modes of a given mechanical component is crucial for
ensuring its failure-free operation regarding potential
excitation frequencies. If a system continues to vibrate on
its own after an initial disturbance - without the action of
external forces - the frequency at which it oscillates is
known as its natural frequency [1]. Knowing the natural
frequency values is important because it allows for the
avoidance of phenomena such as resonance. Resonance
occurs when a time-varying excitation force coincides with
frequency. This causes the
vibration amplitude to increase, potentially leading to
fatigue failure or even catastrophic structural collapse [2].

the component's natural

Finite element analysis simulation software is typically
used to calculate natural frequencies and determine
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vibration modes for complex geometries [3]. In this study,
the finite element software Ansys® is used. By discretizing
the structure into finite elements, we move away from
dealing with a continuous, infinite equation, which is
difficult to solve analytically and often lacks a closed-form
solution, and instead work with a finite set of variables.
This transforms a complex differential equation problem
into a numerical matrix problem that can be easily solved
computationally.

Since numerical methods are approximation
techniques, one way to validate them is to compare the
results with simple models for which analytical solutions
are already known. Therefore, to ensure confidence in the
results presented in this study, the software is calibrated
using simple beams that have known analytical solutions
[4]. After verifying excellent agreement between the
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analytical results and the numerical computational
solutions provided by Ansys® software for simple beams,
the same methodology is applied to the blade and disk of
the first stage of an axial compressor for a 5-kN thrust
aeronautical gas turbine [5] - components characterized by
complex geometries according to Figure 1. The results
obtained for the blade and disk of the axial compressor
under study show excellent consistency, given the
geometries and material used, and enable an assessment of
the components' dynamic behavior to prevent resonance-
related issues.
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Figure 1. Blades and disks of a 5-stage axial
compressor for a 5-kN thrust aeronautical gas
turbine: (a) perspective view; (b) side view.
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II. METHODOLOGY

Gerhardt and Silveira [6] describe the deductive
method as one that starts from principles recognized as
true and indisputable, enabling conclusions to be reached
in a purely formal manner based on logic. Lakatos and
Marconi [7] add that true premises inevitably lead to a true
conclusion. On this hand, this work is based on pre-
defined classical concepts of solid mechanics, being
largely deductive and consistent with established theories
available in literature.

Silva and Menezes [8] describe bibliographic research
as a process involving the survey and analysis of sources
such as books, journals, and standalone publications,
among others. Gil [9] argues that the advantage of this
type of research strategy is the possibility of exploring a
wide variety of phenomena. On this hand, the technical
procedure for this work employs bibliographic research,
conceptual analytical analysis, and computer simulation as
research strategies.

Regarding the problem approach, this research is
classified as quantitative. According to Silva and Menezes
[8], quantitative research involves translating opinions and
information into numbers for classification and analysis.
Conceptual analytical analyses and computer simulations
provide numerical data that are then subjected to analysis.

In terms of nature, applied research aims to generate
knowledge for practical application, directed at solving
specific problems. It involves local truths and interests [6].
Based on this definition, this research is classified as
applied, as it seeks to generate knowledge with a practical
purpose - specifically, analyzing the dynamic behavior of
an actual aeronautical gas turbine - thereby contributing to
the assessment of its structural integrity and safe operation.

According to Hulley et al. [10], in a transversal-time
study, all measurements are taken at a single point in time,
without a sequential period. Transversal-time studies are
useful when the goal is to describe variables and their
distribution patterns. Based on this, this study is classified
as transversal-time development, as the research aims to
conduct a snapshot analysis of variables related to specific
gas turbine blade and disk. Data collection and analysis are
performed at a single point in time, without continuous
monitoring or observation over time.

Finally, considering its specific objectives, this
research is characterized as descriptive; according to
Trivifios - cited by [6] - this type of objective seeks to
provide a detailed portrayal of events and phenomena
within a specific reality. Table 1 summarizes the
classification of the work presented by this article.
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Table 1. Main classifications of the work carried
out and presented by this article.

Main classifications of the work presented by this article

Method Deductive

Main Aspects Bibliographic Research,
Analytical Analysis, and
Computer Simulation

Research Type Quantitative

Nature Type Applied

Time Aspect Transversal-Time Development

Technical Procedure  Objective-Descriptive

III. IMPORTANT THEORETICAL ASPECTS

In general, and simplified terms, the modal behavior of
a structure discretized using the Finite Element Method is
governed by matrix equation below, [3].

M]{d} + [K]{d} =0 (1)

This equation represents the free motion of the system -
that is, the case in which no external force acts upon it. In

the expression, [M] represents the global mass matrix; [K]
represents the global stiffness matrix; {d} represents the
nodal displacement vector; and {d} represents the nodal

acceleration vector. The vibration problem can be solved
by assuming that the system oscillates harmonically. To do
this, the following solution is adopted

d(f) — dfeiwt )

where d’ represents the time-independent mode shape, i
represents the standard imaginary unit given by i =+ —1,

and w is the natural frequency. Differentiating equation (2)

twice with respect to time yields

d(t) = d'(—w?)ewt 3)
substituting (2) and (3) into (1), we obtain
_[M]w?d’ et + [K]d'ei®t = 0 4
putting in evidence
!9t ([K] — w2[M])d’ = 0 (%)
e'“t is not zero, so the equation becomes
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([K] — w?[M])d" = 0 (6)

This is the governing equation of the dynamic system
considering free motion. Logan [3] shows that it has a non-
trivial solution (i.e., d* # 0) only when the determinant

of the matrix constituting it is zero; thus,

|[K] - 0?[M]| =0 Q)

This is, therefore, an eigenvalue and eigenvector problem.
From this equation, the values of w - representing the
system's natural frequencies - are obtained; for each
frequency found, there is an associated vector d’

corresponding to the system's vibration mode. In systems
with complex geometries, it is common to use
computational tools to find approximate solutions. As
stated before, Ansys® software is used to discretize
geometry, apply boundary conditions, and assemble the
matrix formulation of the global problem. Thus, solving
the eigenvalue and eigenvector problem becomes much
simpler and faster, allowing the researcher to focus on
correctly defining the model, its discretization, material
properties, boundary conditions, and the critical
interpretation of the results.

IV.  RESULTS AND DISCUSSIONS

Figure 2 shows the modeling of the blade and disk
analyses in Ansys®. Table 2 presents the main material
properties used in the computational simulations.

The engine's operating range lies between 22,520 rpm
and 28,150 rpm, serving as the reference for evaluating the
natural frequencies obtained from modal analyses.
Subjecting the blade of the first stage to modal analysis
yield the vibration modes and their respective natural
frequencies, as presented by Figure 3.

Similarly, by subjecting the first disk stage to modal
analysis, the vibration modes and corresponding natural
frequencies were obtained, according to Figure 4.

To avoid operation near resonance, a minimum
separation is required between the natural frequencies and
the most significant excitation frequency - namely, the
rotational speed of the rotating assembly itself. A widely
used criterion dictates that the natural frequency must
remain outside the range of 0.8 to 1.2 times the excitation
frequency. For every case, there is no single number
defining this margin; rather, it is a concept of separation.
In some rotating mechanical systems, for instance, the
adopted margin ranges from 20% to 30%. In this study, a
30% separation margin is adopted to mitigate potential
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variations associated with numerical modeling, boundary Table 2. Main material properties used in
conditions, and operational changes in the system. computational simulations.
= = Material Properties
: Alloy Al 7178-T6
2 @ engneeringData v
Material Info Young’s Modulus 71.7 GPa
Density 2,770 kg/m3
- B - ¢ Poisson’s Ratio 0.33
. |\
2 [B Geomery v 2 @ EngineeringData v
Blade Geometry 3 E Geometry v 4
4 @ Model v i
5 @ setwp v 4
6 @ Soluton v 4
7 @ Results 7%

Blade Analysis

v D v E
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Disk Geometry
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Disk Analysis

Fig.2. Modeling of the blade and disk analyses
in Ansys® Workbench.

‘ Mode 1
I Mode 3

Mode 3
Fig.3. Blade modal analysis: Mode 1 @ 718 Hz; Fig.4. Disk modal analysis: Mode 1 @ 694 Hz; Mode 2
Mode 2 @ 2,946 Hz; and Mode 3 @ 2,958 Hz. @ 703 Hz; and Mode 3 @ 708 Hz.
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As stated before, the defined operating range for the
aeronautical gas turbine is 22,520 to 28,150 rpm. Tables 3
and 4 present the natural frequencies obtained for the blade
and disk of the first stage axial compressor, respectively,
along with the percentage separation margins values
calculated based on the most critical condition within the
operating range - that is, the highest synchronous
excitation frequency corresponding to 28,150 rpm.

Table 3. Natural frequencies obtained for the
blade along with separation margin.

Natural Frequency Separation Margin
(1) 718 Hz 53%
(2) 2,946 Hz 528%
(3)2,958 Hz 531%

Table 4. Natural frequencies obtained for the
disk along with separation margin.

Natural Frequency Separation Margin
(1) 694 Hz 48%
(2) 703 Hz 50%
(3) 708 Hz 51%

It can be observed that, for all natural frequencies
analyzed, the percentage separation margins remain above
30%, indicating that the natural frequencies are sufficiently
far from the fundamental synchronous excitation. The
other axial compressor stages, considering blades and
disks, can be analyzed in the same manner.

V. CONCLUSIONS

The overall objective of this work was achieved
through the calculation and analyses of the natural
frequencies and vibration modes of the blade and disk of
the first stage of an axial compressor for a 5-kN thrust
aeronautical gas turbine. The results obtained demonstrate
that the methodology adopted is consistent and technically
adequate. To ensure the reliability of the results, the
software was calibrated using simple beams for which
analytical solutions exist. After verifying excellent
agreement between the analytical solutions and the
numerical computational results provided by Ansys® for
simple beams, the same methodology was applied to the
application under study, which features complex
geometries. The results obtained for the blade and disk of
the axial compressor first stage indicated that the
calculated natural frequencies are sufficiently far from the
fundamental synchronous excitation frequency. It is also
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expected that the separation margins found will be even
greater when the gas turbine is in operation, as there will
be an increase in the stiffness of the blades and disks
associated with the arising of centrifugal stresses. The
vibration modes obtained, in turn, exhibit characteristics
compatible with the expected behavior, indicating physical
coherence and consistency of the results. As a
contribution, this work reinforces the importance of modal
analysis as a fundamental step in defining the design and
evaluating the structural integrity of aeronautical turbines,
especially about preventing failures associated with
vibratory phenomena.
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Abstract— The formulation of the fundamental hydrodynamic equations
is based on two key assumptions. The first arises from the derivation of
the Euler momentum conservation equation, which assumes that the
temporal and spatial increments (8t, 6x) are sufficiently small for the
Taylor series expansion to be truncated after the first-order terms. The
second assumption is associated with the continuity equation, in which
the fluid-particle velocity is assumed to remain constant over the small
time-interval &t. Based on these two assumptions, two optimization
equations are formulated with two unknowns, time step and grid size
(6t, 6x). Solving these equations provides the optimal time step and grid
size for numerical simulations. The resulting values are consistent with
the assumptions underlying the derivation of the fundamental
hydrodynamic equations while also satisfying the requirement of
sufficiently small discretization intervals imposed by numerical
methods.The proposed approach enables more accurate numerical
simulations of challenging wave conditions, particularly during wave

breaking and post-breaking propagation.

I. INTRODUCTION

Time series numerical modeling of water wave using
discrete methods, including the Finite Difference Method
(FDM) and the Finite Element Method (FEM), requires the
selection of sufficiently small time-steps 6t and grid sizes
6x. However, relatively few studies have examined
appropriate values for these two parameters. In general, it is
assumed that smaller values produce more accurate results,
of the numerical
interpolation

limits
quadratic

the accuracy
For example,

subject to
approximation.

permits the use of larger grid sizes than linear interpolation

while maintaining comparable accuracy.
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Courant, Friedrichs, and Lewy (1928) formulated the grid
size as a function of the time step, although they did not
provide a criterion for determining the time step itself.

Hutahaean (2024) derived the time step using a truncated
Taylor series approximation for a sinusoidal function, f =
f(t). In this approach, the Taylor series is truncated after
the first-order term. The grid size was subsequently derived
from a truncated Taylor series for the sinusoidal function
f = f(x,t), using the previously determined time step.
This formulation is conceptually similar to that of Courant,
Friedrichs, and Lewy (1928), in which the time step is
specified independently of the grid size. A similar approach
was also adopted by Hutahaean (2025a).
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In the present study, the time step and grid size are
determined simultaneously using a system of two coupled
equations, establishing a mutual dependence between these
parameters. These equations are developed from the
fundamental derivation of the governing hydrodynamic
equations. The first equation is derived from the Euler
momentum conservation equation, in which the
acceleration term is formulated using a truncated Taylor
series. The second equation is derived from the continuity
equation under the assumption that the fluid particle
velocity remains constant over a sufficiently small time-
interval. Solving these two equations simultaneously yields
coupled expressions for the time step and grid size,
demonstrating that each parameter constrains the allowable
value of the other.

II. THE FORMULATION OF (8t, 8x) EQUATIONS
a. Derivation from the Truncated Taylor Series

For a function f(x, t), Arden, Bruce W. and Astill Kenneth
N. (1970), where x is the horizontal coordinate and t is
time, the Taylor series expansion,
flx+dx,t+6t)=f(,t)+5s;+s, +s53+ (1)
Where:

d d
S = Sta—]:+6x—f

dx
st2a’f aZf  sx2arf
= S st 4+
2= g T qrax Y 2 axe
_seraf ot a@f sx2 @Bf  sx3Af

ox

Ss=3rae T 2 Parzax T2 e T3 a0

When both &t and §x are very small, the Taylor series can
be truncated after the first-order terms, yielding

f=fxt)+s

Within the condition of

Sy +5S3+ 5S4+

2= <cg¢ . (2)
S1

This expression is referred to as the optimization equation.
Because 6t and 6x are very small, where (s3 + s, + +++) &
S5, therefore the optimized equation is expressed as,

S2

—| <€ -.(3)

$1
For instance, using the following formula:
f(x,t) = coskx cosat e (4)
s; = —odt cos kx sin ot — k 8x sin kx cos ot

5t?
5, = —0? —cos kx cos ot + gk 6t 6x sin kx sin ot
,0x?
-k —cos kx cosat

. 2m . . .
o is angular frequency, o = - T is wave period and k is

21 .
wave number, where k = e L is wave number

Substituting s; and s, to (3),
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5t? . .
—c? ——cos kx cosat + gk 6tdx sin kx sin ot

—odtcoskxsinot — k 6xsinkx cosot
2

S <¢
x
k? —5—cos kx cos ot

"~ —06t cos kx sin at — k 6x sin kx cos ot

The optimization coefficient € is a small positive constant
satisfying 0 < & « 1.0. The final expression is evaluated at
the characteristic point, where coskx =sinkx and
cosot = sinat

2 2
—02%+ak5t6x—k2%
—odt — k 6x

<¢

Or

2 2
az%—ak6t5x+k2%

<e¢
odt + k 6x

Because &€ >0 and the denominator is postive, the
numerator is required to be positive under the selected
conditions. Therefore, the absolute value may be omitted,
yielding:

5t?
ot =

5x?
_ 27~
5 ok 6téx + k 5

odt + k dx
Since the denominator is positive, multiplying both sides by

the denominator preserves the inequality. At the limiting

<¢

condition, the inequality (<)is replaced by equality (=),
hence

,0t? ,0x?
ot —— ok 6téx + k - = e(odt + k 6x) ...(5)
Equation (5) contains two unknowns, 8t and dx. Therefore,
a second independent equation is required to determine both
parameters.

Note: In this study, the characteristic point is defined as the
intersection at which two functions attain the same value
(Fig. 1). The parameter values determined at this point
satisfy both functions simultaneously.

Characteristic point

fx) in kx 0s kx

x L
Fig (1). Characteristic point.

b. Starting from the continuity equation.

The continuity equation in the (x, z) plane, where x denotes
the horizontal axis and z denotes the vertical axis (Dean,
1991), is expressed as
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au+E[W_0 6
dx  dz ++(6)

where u(x,z,t) is the fluid particle velocity in the
horizontal direction, and w(x,z,t) is the fluid particle
velocity in the vertical direction. This equation is derived
under the assumption that, over a sufficiently small time-
interval 6t both u and w remain constant. Furthermore, it is
assumed that u varies only along the horizontal direction for
a constant elevation z = constant, such that u = u(x, t),
whereas w varies only along the vertical z direction for a
constant horizontal position x = constant, such that w =
w(z,t).
Seen from the changes in value f = f(x, t),
flx+6x,t+68t) = f(x,t) +5; +5, + 55
Transposing the first term on the right-hand side to the left-
hand side and dividing both sides by 6x, yields
flx+6x,t+6t)—f(x,t) 51+, 453

ox B ox
With very small 6x, 6t close to zero, this equation can be

written as spatial total derivative as follows.

Df s;+s,+5s;

dx ox

Where,

s;  otdf df

ox oxar ax

With very small §x, &t close to zero, therefore g—; has a

value that is not zero,
s, Ot st drf dazf  oxdcf

Sx 2 6xdt? T drdx | 2 dx?
As éx, 6t become infinitesimally small and approach zero,

the first and second terms on the right-hand side become
negligible because they are proportional to §t, whereas the
third term becomes negligible because it is proportional to
6x. Consequently, ;—i approaches zero and can be neglected.
S3 _5t2 stddf &t? Adf ox A3f  ox?aA3f

5x 3l oxars | 2 actax ' Oz awx’ | 3 ax

As 8x, 8t approach zero, the first and second terms on the
right-hand side become negligible because they are
proportional to &t2, the third term becomes negligible
because it is proportional to dtdx and the fourth term
becomes negligible because it is proportional to 8x2.
Therefore, ;—i also approaches zero and may be neglected.

Likewise, all higher-order terms vanish in the limit. Hence,
the total spatial derivative can be approximated as

Df s
dx ~ 6x
Df _ étdf df

dx  éxdt = dx
Using similar method for f = f(z,t) yields,

Df_6t8f+af
dz ~ 6zdt dz

www.ijaers.com

International Journal of Advanced Engineering Research and Science, 13(7)-2026

When t variations are taken into account, Equation (6)

should therefore be expressed as

Du Dw 0

dx " dz T

Using the total spatial derivative equation,

6tdu du 6tdw dw

6xE[t+E[x+6ZE[t +Elz =0

The equation becomes,

du dw 0

dx + dz

with the following requirements to be satisfied,

6t du

Sx dt
du
dx

And

ot dw

Sz dt
dw
dz

Where ¢ is a sufficiently small positive number 0 < & <

1.0.

<e¢

<é¢

pf _ af

In general, for a function f = f(x,t), =~ ax the
following is required
otdf
ox dt
al | «
ar | = £ (7
dx

As an example, consider the function f(x,t) =
cos kx cos ot

—a% cos kx sin ot
X

—k sin kx cos ot

At the characteristic point, this reduces to,
.0

ox
—|<¢

k

Since the expression inside the absolute value is positive,

the absolute value signs may be omitted. Replacing the

inequality with an equality yields,

;0

_ox _
=

ot = k ) 8
= 80 x ...(8)
Substituting (8) to (5),

_ 2¢e(e+ 1)
T (e2-2e+ 1Dk

&

Once 6x is determined, 6t can be calculated using equation
(8). Alternatively, the equation of &t can be formed by
substituting dx to (8).
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k 2e(e+1)
St=gm T2
o(e? -2+ 1Dk
St — 2e?(e+ 1) 10
C(e2—e+1)o - (10)

For f(z,t) = cosh k(h + z) cos at, hence

- %0 coshk(h + z) sinot

k sinh k(h + z) cos ot

At the characteristic point, where coshk(h+2z) =
sinh k(h + z) and cosot = sinat the above expression
reduces to,

— 5,0

K <g¢

Removing the absolute value
& g

k
yields

=£&

k
ot =e—06z
o

Since this expression has the same form as Equation (8), it
concludes that §z = éx.

c.Example calculations for different values of ¢.

Table 1 presents the calculated values of 6t and 6x for a
wave with a wave height of H = 2.4 m a wave period of
T = 7.247 s, and a wavelength of L = 17.835 m.

Table (1) Results of 6t and 6x calculations for different &

values

€ ot ox st

(sec) (m) 5x
0.002 0.00001 0.01251 0.00081
0.004 0.00004 0.02517 0.00163
0.006 0.00009 0.03798 0.00244
0.008 0.00017 0.05095 0.00325
0.01 0.00026 0.06407 0.00406
0.012 0.00038 0.07735 0.00488
0.014 0.00052 0.09079 0.00569
0.016 0.00068 0.10439 0.0065
0.018 0.00086 0.11815 0.00731
0.02 0.00107 0.13207 0.00813

As shown in Table 1, increasing ¢ results in larger values of

ot and 6x and the ratio g—;. For € = 0.02 the ratio g =
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0.00813, which is sufficiently small. Therefore, adopting
€ =0.02, provides adequate justification for the
assumption that the velocity components u and w remain

constant over the time interval &t.
S3

S1

Table 2 presents the values of and for the function

S2
s

1
f(x,t) = cosat cos kx, where wave period T = 7.247

seconds, with wave length L = 17.835 m as the previous

example. The calculations were performed on gt = kx = %.

Table (2) Examining |z—j| and z—j

€ ot S, Ss

(sec) 51 S1
0.002 | 0.00081 | 0.00775 3E-06
0.004 | 0.00163 | 0.01549 | 1.1E-05
0.006 | 0.00244 | 0.02323 | 2.6E-05
0.008 | 0.00325 | 0.03096 | 4.7E-05
0.01 0.00406 | 0.0387 | 7.5E-05
0.012 | 0.00488 | 0.04644 | 0.00011
0.014 | 0.00569 | 0.05418 | 0.00015
0.016 0.0065 | 0.06192 | 0.0002
0.018 | 0.00731 | 0.06966 | 0.00026
0.02 0.00813 | 0.07741 | 0.00033

As shown in Table 2, z—j > ¢ dan z—i « &. In the finite

difference method (FDM), the central difference scheme is
generally employed at interior grid points. Under this
scheme, the even-order differential terms cancel naturally,
while the odd-order higher-order terms are neglected.

Consequently, the relatively large value of |z—2| does not
1

z—3 is sufficiently
1

affect the numerical accuracy. In contrast,

small, and the combined contribution of the remaining odd-
S3+S5+S7+:

order terms, | is also negligible. Therefore, these

S1
higher-order terms can be safely ignored.

At the computational domain boundaries, where forward
and/or backward difference schemes are applied, the
numerical accuracy can be improved by reducing the spatial
size dx while keeping the time step &t fixed at the value
obtained from the preceding analysis. This refinement

. . |8
should satisfy the constraint |5—;| < &. For example, the

L 5
spatial size may be reduced to dx = 7x
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Table 3. Calculated values of 6t and &x for selected
combinations of (T, L), € = 0.02

5t
H T L St 5x ox

(m) | (sec) (m) (sec) (m) Sec/m
0.4 | 324 | 326 | 0.0004 | 0.0220 | 0.0199
0.8 | 458 | 6.51 | 0.0006 | 0.0440 | 0.0141
1.2 | 5.61 9.77 | 0.0008 | 0.0660 | 0.0115
1.6 | 6.48 | 13.02 | 0.0009 | 0.0881 | 0.0100
2 7.25 | 16.28 | 0.0010 | 0.1101 | 0.0089
24 | 794 | 19.53 | 0.0011 | 0.1321 | 0.0081
2.8 | 8.57 | 2279 | 0.0012 | 0.1541 | 0.0075
32 | 9.16 | 26.04 | 0.0012 | 0.1761 | 0.0070
3.6 | 9.72 | 29.30 | 0.0013 | 0.1981 | 0.0066
4 | 10.25 | 32.56 | 0.0014 | 0.2201 | 0.0063
44 | 10.75 | 35.81 | 0.0015 | 0.2421 | 0.0060
4.8 | 11.22 | 39.07 | 0.0015 | 0.2641 | 0.0058

This result indicates that, for long-wave simulations, a
larger optimization coefficient € may be adopted while still
satisfying the approximation requirements.

Both Tables 1 and 3 show that the resulting time step and
grid spacing are sufficiently small. Consequently, they
satisfy not only the assumptions used in deriving the
continuity and momentum conservation equations but also
the stability and accuracy requirements of the numerical
method.

III. EXAMPLE APPLICATION TO A TIME-
SERIES WATER WAVE MODEL

In this section, the numerical water wave model developed
by Hutahaean (2025b, 2026) is implemented using the time
step and grid size determined in the present study, with a
numerical accuracy of & = 0.02. Spatial derivatives are
discretized using the Finite Difference Method (FDM),
while the temporal derivatives are solved using a predictor-
corrector scheme. In the predictor step, the governing
equations are solved using FDM with a central difference
scheme. The corrector step employs the Newton-Cotes
numerical integration method (Hutahaean, 2024).

The simulation considers a deep-water wave amplitude of
Ay, = 1.2 m, corresponding to a deep-water wave height of
Hy = 2.40 m, with a wave period of T = 7.94 sec. The
model is applied to a bathymetry with a constant bottom
slope of 0.04, extending from an initial deep-water depth of
hy = 9.0 m to a final shallow-water depth of h = 0.10 m.
The simulation results are presented in Fig. 2. The model
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successfully propagates the wave to a water depth of 0.8 m,
where the wave height reaches 1.60 m. These results
demonstrate that the selected time step and grid size enable
the numerical model to pass through the critical conditions
associated with wave breaking and post-breaking.

1

3
E_3
— O
2 g
€ /.
g2 o0

O
T E
&~ 0 50 100 150 200 250
a x (m)

— SWL Vel. Crest line

Fig (2) Results of shoaling breaking model.

The relatively large wave height near the end of the
simulation is attributed to the relatively steep bottom slope
(0.04). In addition, the energy dissipation in shallow water
remains insufficient.

By increasing the energy dissipation in shallow water, the
model is expected to remain stable at even shallower water
depths. However, the objective of the present study is
limited to evaluating the effects of time step and grid size
on numerical performance.

IV. POTENTIAL EXTENSION OF THE
CONTINUITY EQUATION
With the time step and grid size determined, the continuity
equation can be further developed by incorporating fluid-
particle acceleration, yielding
du dw 46tdu 6tdw
ax ' dz sxac ozac
It is assumed that, regardless of how small the ratios % and

0

5t . 8t du 5t dw .
— are, with &x = 6z, the terms —— and ——, remain
5z Sx dt 6z dt

finite. Consequently, the resulting continuity equation more
closely represents the physical behavior of unsteady fluid
flow.

V. CONCLUSION

Discrete numerical methods, including the Finite Difference
Method (FDM) and the Finite Element Method (FEM),
require sufficiently small grid sizes and time steps to
achieve accurate numerical solutions. However, no general
criteria are available for determining appropriate values of
these parameters.

By following the assumptions and simplifications adopted
in the derivation of the fundamental hydrodynamic
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equations, this study establishes a set of criteria and
governing equations for determining the time step and grid
size required for unsteady flow simulations.

The proposed approach provides time-step and grid-size
values that are consistent with both the underlying
hydrodynamic formulation and the requirements of discrete
numerical methods. As a result, errors associated with the
assumption of constant velocity over a finite time interval
in the continuity equation, as well as truncation errors
arising from the Taylor series approximation used in the
momentum conservation equation, are reduced. The
proposed criteria therefore improve the accuracy and
numerical stability of unsteady flow simulations.
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Accepted: 23 July 2026,

adopts a meta-synthesis approach by systematically reviewing
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indicate varying levels of Sharia compliance, with some institutions
Keywords— Murabahah, Accounting, Sharia | jemonstrating partial or inconsistent adherence to Murabahah
Compliance, Akhlaq, Islamic Accounting. accounting standards. These variations reflect structural and ethical
challenges in the implementation of Murabahah accounting. Drawing
on Al-Ghazali’s ethical framework, the study argues that Murabahah
accounting practices should not only comply with technical accounting
standards but must also incorporate Akhlaq (moral integrity) and
ethical conduct consistent with Sharia principles. This research is
limited to the analysis of existing qualitative studies in order to
construct a conceptual framework of Murabahah accounting practices.
Future research should employ qualitative field studies to explore the
dimensions and indicators underlying Murabahah practices, followed
by quantitative testing to evaluate the role of moral ethics (Akhlaq) and
Sharia compliance in shaping Murabahah accounting practices. This
study contributes to the Islamic accounting literature by highlighting
the ethical dimension of Murabahah accounting. It introduces the
integration of Akhlaq as a moral foundation to reduce deviations from
Sharia principles in Murabahah contracts within Islamic financial
institutions.

I. INTRODUCTION development, several international standard-setting bodies
have established Islamic accounting standards based on
market needs. Some organizations that have pioneered the
development of Islamic accounting and financial standards

Islamic institutions have brought significant changes to
the development of the global economy. Along with this
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include the Accounting and Auditing Organization for
Islamic Financial Institutions, the Islamic Financial
Services Board, and the International Islamic Financial
Market. These organizations aim to ensure that
transactions in Islamic accounting comply with Sharia
principles agreed upon by Islamic financial institutions
worldwide. One of the contractual transactions regulated
within these standards is Murabahah accounting.

In Indonesia, Murabahah accounting is regulated under
the Sharia Accounting Standards issued by the Indonesian
Institute of Accountants. Specifically, Murabahah
accounting is governed by PSAK 402 within the
framework of Sharia Financial Accounting Standards
(Aisah et al.,, 2022; Hassan et al., 2019). Sharia-based
financial transactions prioritize compliance with Islamic
principles in recording transactions, emphasizing justice,
honesty, and benevolence. Accounting practices that
incorporate Islamic values can minimize intentions arising
from conflicts of interest that often characterize capitalist-
oriented conventional financial systems. Ideally, Islamic
accounting  theory integrates three
dimensions: creed (aqidah), practical legal rules (sharia),
and moral conduct (A4khlag). The Shariah Enterprise
Theory explains that organizational activities should
reflect accountability not only to economic stakeholders
but also to broader dimensions of responsibility. In this

fundamental

perspective, Sharia-compliant entities are accountable to
three primary stakeholders: God, human beings, and the
natural environment. Consequently, the governance of
Sharia entities should embody several essential ethical
principles, including monotheism (tawhid), trustworthiness
(amanah), self-accountability (muhasabah), contentment
(gana’ah), and the pursuit of divine blessing (barakah).

Therefore, economic transactions conducted by Islamic
institutions are not solely intended to generate profit but
must also consider the welfare and interests of all
stakeholders involved (Hadi, 2018; Hidayah et al., n.d.);
(Bulutoding & Sharon, 2023). Murabahah offers several
advantages, including transparency and clarity in
transactions, as both the profit margin and the selling price
are disclosed to customers. Murabahah financing enables
customers to obtain goods or assets through installment
payments. The Murabahah contract plays a crucial role in
Sharia entities because Murabahah financing contributes
significantly to institutional profitability through returns
and margins derived from these transactions(Hassan et al.,
2019); (Bulutoding et al., 2021). Murabahah transactions
do not involve interest (riba), as pricing is determined
through mutual agreement between the buyer and the
seller. Furthermore, the determination of Murabahah
transaction prices is not based on the time value of money.
Rather, Murabahah transactions represent a form of
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mutual cooperation between buyers and sellers, where
customers seek to acquire goods offered by Sharia entities
through a mutually agreed sale contract based on the
Murabahah agreement (Early et al., 2023); (Fianto et al.,
2018).

However, the management of Murabahah transactions
in some institutions labeled as Sharia entities does not
always reflect the principles outlined in Islamic
accounting. Modifications in Murabahah accounting
practices have been identified, particularly in profit
calculation methods and violations of Sharia provisions.
These issues arise due to several factors, including
regulations that are not fully aligned with Sharia
principles, limited human resources possessing expertise in
both accounting and Sharia, and weak supervision by
Sharia supervisory boards. In practice, some Sharia entities
tend to focus primarily on sales transactions and apply
relatively low profit-sharing principles. Consequently,
institutions labeled as Sharia sometimes operate in ways
that resemble conventional banking practices. In such
cases, Sharia contractual transactions do not fully reflect
the fundamental elements of Islamic jurisprudence, and
accounting practices often prioritize pragmatic adaptations
from conventional accounting systems (Abdurahim, 2013);
(Siregar, 2016);(Iswanaji & Wahyudi, 2017). The concept
of the time value of money is often considered not
explicitly regulated within the pillars of Murabahah
contracts and therefore is not always treated as an integral
component of the transaction. Although certain
components of Murabahah practices may appear
inconsistent with Qur’anic principles, they are not always
explicitly classified as halal or haram, as some scholars
argue that annuity-based mechanisms may still provide
economic benefits (Ananda et al., 2021).

Research on standards and contractual structures in
Islamic accounting continues to evolve and has attracted
considerable attention from scholars worldwide. Efforts by
Islamic accounting standard-setting bodies to develop
conceptual frameworks for managing Sharia entities in
accordance with Islamic principles remain ongoing. Profit-
sharing contracts such as Mudarabah are often less
preferred than Murabahah contracts due to information
asymmetry, which can lead to adverse selection and moral
hazard problems (Birton et al., 2015). Islamic accounting
standards are therefore expected to adopt accrual-based
approaches for profit-sharing mechanisms. Non-interest
income components have been shown to contribute
positively to the profitability of Islamic entities. In
addition, differences in contractual structures may result in
varying levels of risk among Islamic financial institutions.
Islamic banks have also been found to consistently record
lower loan loss provisions compared to conventional
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banks. Unlike previous studies, this research seeks to
explore Murabahah accounting practices by examining
studies from various methodological perspectives (Siregar,
2016); (Paltrinieri et al., 2021); (Warninda et al., 2019);
(Farook et al, 2013); (Azami-Aghdash, 2020);
(Mangoting, 2018); (Olsen et al., 2019).

In addition, this study traces the development and
practical implementation of Murabahah accounting
practices in order to provide valuable insights for
stakeholders who require a comprehensive understanding
of these practices. This study also aims to assess the extent
to which Sharia entities seriously adopt Islamic accounting
standards issued by global standard-setting bodies.
Furthermore, the findings provide an overview of the
current condition of Murabahah accounting practices
within Sharia entities and highlight the internalization of
Akhlag (moral ethics) in Murabahah accounting practices.
The results of this study are expected to provide both
national and global implications for the development of
Islamic accounting, particularly in the implementation of
Murabahah contracts.

II. LITERATURE REVIEW
2.1 Syariah Enterprise Theory

The management of sharia entities must rely on
theories derived from the Qur'an and hadith. One of the
theories that can explain the management of Sharia entities
is the Shariah enterprise theory (SET). According to SET,
three stakeholder groups are interested in an entity, namely
God, humans and the universe. Sharia entities as a
mandate given by the giver of the trust, namely Allah (God
Almighty) to mankind as the recipient of the mandate,
must be managed by Sharia laws. Sharia entities as
organizations that carry out their duties must be
accountable according to the SET concept and follow the
sharia rules issued by the sharia accounting standards
body. The theory of Sharia in the conceptual framework of
accounting is a substance theory that is conceptualized
according to the views of Sharia accounting standard-
makers in Indonesia. This is the same as the Sharia process
similar to the accounting auditing organization of the
Islamic finance institution (AAOIFI), which decides on
accounting standards for Islamic financial institutions. One
of the contracts mentioned in AAOIFI and Islamic
financial accounting standards is the Murabahah contract
(Bulutoding & Sharon, 2023;
2015;Triyuwono, 2001, 2006).

Triyuwono,

2.2 Murabahah Accounting Concept

Murabahah is a transaction contract within a
Sharia entity that causes a lot of interpretation among the
community. Murabahah accounting is one of the contracts
that distinguishes it from conventional accounting. This is

WWwWw.ijaers.com

International Journal of Advanced Engineering Research and Science, 13(7)-2026

because the implementation of the Murabahah contract is
more about the principle of helping, deliberating and being
free from usury. If the Murabahah contract is carried out
by the Sharia concept and without violating the rules of the
Qur'an and Sunnah, it will benefit stakeholders. The
recording of Murabahah contracts in Sharia accounting
needs to be careful because this should not be the same as
conventional  accounting. The  characteristics  of
Murabahah accounting are different from conventional
accounting. The Murabahah contract is that the Sharia
entity sells a product to the buyer plus the profit margin
known by the buyer. The seller honestly must convey the
components that form the selling price to the buyer, and
this is the main characteristic of Murabahah, through
installments made by the buyer (Azmat et al., 2015;
Rahman, 2019; Yanikkaya et al., 2018;Mahomed,
2020;Farook et al., 2013).

The Murabahah accounting standard practices in
Indonesia are regulated under the Statement of Sharia
Financial Accounting Standards (PSAK) 402. PSAK 402
Murabahah aims to regulate the recognition, measurement,
presentation, and disclosure of Murabahah transactions
both from the seller and buyer sides. This means that
Murabahah accounting identifies transactions related to
the accounts incurred in the transaction and records
according to the journal incurred. Including analyzing and
distinguishing halal and non-halal transactions. Next, make
measurements, namely how much currency value arises
from the transaction. Then, it was continued with the
presentation of the financial statements in which position.
The last stage is to disclose the financial statements
produced in the Sharia entity (Eliza, 2022).

III. RESEARCH DESIGN

Meta-synthetic is not a new method because it has been
widely used in qualitative research. The results of
qualitative research have an impact on the development of
science and its use in various fields, which, of course, is
based on previous research evidence. Therefore, it is
important to make an effort to place qualitative research
results to be "put together". The qualitative meta-synthetic
approach is an approach that involves analyzing all
qualitative research data to identify a specific research
question and then searching, selecting, assessing,
summarizing, and combining the qualitative evidence in
answering the research question. Meta-synthesis is used to
provide a deeper understanding of a problem or
phenomenon. The result of meta-synthetic research is new
knowledge, both in terms of theory, methodology, and data
analysis(Mangoting, 2018).
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So, the meta-synthetic approach is an approach that
departs from an effort to gain new knowledge and insights
based on the results of previous research. Therefore, this
approach can be called evidence-based. Meta-synthetics
identifies patterns and common threads in a particular
topic or problem to deepen an evidence-based
understanding. Meta-synthesis is not literature study
research, nor is it a secondary data analysis, but a study
that accumulates and interprets other qualitative research
findings. The purpose of this approach is interpretation so
that it is not deductive to understand and explain various
phenomena in qualitative research(Griffith et al.,
2018;Azami-Aghdash, 2020; Mangoting, 2018; Olsen et
al., 2019).

There are six stages of data analysis that a researcher
can perform if using the. This research goes through six
stages(Azami-Aghdash, 2020; Mangoting, 2018; Olsen et
al., 2019). (1) The first stage is the formulation of research
problems related to the implementation of Murabahah
accounting. (2) The second stage is to search for research
articles related to Murabahah accounting practices through
Scopus and Google Scholar accounts. (3) The third stage
is the analysis and synthesis of findings in the article that
is used as data. (4) The fourth stage is to control the
quality of the results of analysis and synthesis and group
the final research results. (5) the fifth stage of conclusion,
summary and reporting of results, (6) The sixth stage is
practical related to  Murabahah
accounting practices

recommendations

Qualitative meta-synthesis has become an increasingly
significant approach in research due to its ability to
synthesize various qualitative research results to provide
deeper insights into specific phenomena. Meta-synthesis
not only generates new knowledge but also helps to
strengthen theoretical and methodological understanding.
This process involves translating the findings of various
studies into thematic statements and building categories
that go beyond the initial research. This process is known
as "third-order interpretation,” in which meta-synthetic
researchers interpret the participants' experiences and
previous qualitative study authors' views. The main
advantages of meta-synthetics are the management of
abundant information from disseminated qualitative
research, as well as its potential to stimulate debate and
innovation in theory and practice(Pigott & Polanine,
2020;Urran & Hill, 2019; Anonymous et al., 2022;Curran
& Hill, 2019; Anonymous et al., 2022).

This approach is important to explore how qualitative
research results can be integrated to support the
development of more comprehensive theories as well as
more effective practical applications, in education, health,
and social fields. Thus, qualitative meta-synthetics not
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only help answer research questions in depth but also drive
progress in various evidence-based disciplines (Thomann
et al., 2022;Hanckel et al., 2021).

Fugure 1 The research flow that the research described
as follows

[ Cheap Accounting ]

l

[ Research Article Search ]

Scopus ]
= |

[ Analysis & Synthesis of ]

{ Google Scholar ]

Findinos

l

Research
Conclusions/Findings

The first to third stages of this study focus on planning
and data collection. The process begins with the
formulation of research problems to determine the main
focus, such as issues in the implementation of Murabahah
accounting. After that, a literature search was carried out
using trusted databases such as Scopus and Google
Scholar, with predetermined inclusion criteria. This stage
ensures that only relevant, high-quality articles are used as
data sources. Furthermore, analysis and synthesis are
carried out to identify the pattern of findings from various
studies. This process includes organizing the data into
coherent themes that support the research objectives.

Stages four to six focus on processing, reporting, and
applying findings. In the quality control stage, each finding
is evaluated to ensure the validity and accuracy of the
research results, with the grouping of findings based on
specific categories. After that, conclusions and reports are
compiled to provide a comprehensive overview of the
findings and their implications. Finally, practical
recommendations are prepared based on the results of the
research, providing suggestions that can be implemented to
improve or develop the implementation of Murabahah
accounting, such as strengthening regulations or
accounting training. This flow creates a systematic
research framework to produce relevant and practical
findings.

IV.  EMPIRICAL RESULTS

After the Murabahah accounting research questions are
formulated, the next stage is the search or screening of
data (articles) related to the topic being researched. It is not
easy to search for data related to Murabahah accounting
sourced from Scopus journals and qualitative research
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designs with various approaches. Article search is carried
out through the Google Scholar page with the keywords
Murabahah accounting or Murabahah accounting, Scopus,
and qualitative. Furthermore, the researcher issued
research that was not conceptually by the theme of
Murabahah accounting. This study conducted a screening
so that 20 significant research results were obtained with
the theme of Murabahah accounting.

Fugure 2 Data Screening Process

n=105 — n=75

Data source: Scopus,
WOS, Google and
Scholar l

n=30 —| =10 ]
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Based on the analysis using meta-synthetic methods,
the results of the study show that there are variations in the
implementation of Murabahah accounting which are
influenced by regulations, accountants' understanding, and
local market conditions. The synthesized articles reflect
that the practice of Murabahah is not yet completely
uniform in various Islamic financial institutions. Some
studies have found that the main challenge in
implementation is a lack of understanding of Sharia
accounting standards, such as PSAK 402. This has an
impact on inconsistencies in transaction reporting, which
can reduce transparency and accountability. The thematic
analysis also shows the importance of continuous training
for accountants to thoroughly understand the sharia and
technical aspects of financial reporting. The results of the
study are presented in the following Table 1:

=
Table 1. The results of n=20 the study in step 1

No. Research Topics Researcher Name

1. Identify and evaluate sharia issues in the Murabahah Agreement as one of the IThami, Hartini, and
products of Sharia Banks, as well as analysis of the Murabahah Product Nugraheni (2021)
Standards issued by the Financial Services Authority (OJK).

2. Analyze the application of Murabahah accounting in business capital financing | Chatib, Iuliarti, Dan Nastiti
in Sharia Banks in accordance with PSAK No. 402. (2024)

3. Analyze the process of applying for and implementing the Murabahah financing | Putri, Halim, and Nastiti
accounting system in Sharia Banks. (2021)

4. Mapping of research topics regarding Murabahah contracts in the context of Qudratullah, Budianto, and
Sharia Financial Inclusion. Dewi (2023)

5. Research development regarding the implementation of Financial Accounting Rohmah, Dewi, and
Standards Statement (PSAK) in Sharia Financial Institutions Budianto

6. Evaluating the practice of financing using Murabahah contracts by Islamic Kurniawan, et al. (2024)
banks in Indonesia

7. The relationship between accounting theory and Murabahah practice in the Pratiwi, Dewi, and Pradana
context of Islamic banking. (2022)

8. Implementation of PSAK 402 related to Murabahah in Sharia Banks Hadju, Tanriono, and Hiola

(2023)

9. Application of Murabahah Accounting in Sharia Banking in accordance with Abdullah, Tumanggor, and
PSAK No. 10 Siregar (2022)

10. Murabahah financing procedures and accounting systems implemented in Sharia | Qadri from Mukhzarudfa
Banks (2020)

11. Analyzing the application of Murabahah accounting of Sharia Banks Menne, Idris, and Erni

(2018)

12. The Application of Murabahah Financing Accounting at PT. Sharia Banks and Putriadi and Wirman

Their Compliance with PSAK 402 (2022)
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13. Highlights the need for separate accounting for Islamic banks with a focus on Ibrahima and Linga (2016)
Murabahah regulation as well as an evaluation of the differences between
international financial reporting standards (IFRS) and AAOIFI standards in the
context of Islamic financial transactions

14. The implementation model of Murabahah financing in Islamic banks that go Muda, et al. (2018)
public in Indonesia.

15. Accounting treatment of refinancing and takeover transactions in Murabahah Kunaifi, Handayati, and
contracts and analysis of their sharia compliance Bahri (2022)

16. Analyze the development of modern accounting standards for Islamic banks, Moosa (2023)
particularly related to Murabaha contracts

17. Accounting concepts in the pandemic of a trading company with a Murabahah Latifah and Abdullah
approach (2022)

18. Dispute Resolution in Murabahah Financing Contracts at Mitra Sejati Anwar, Yaswirman, and
Cooperatives Ulfanora (2019)

19. Evaluation of sharia compliance in Murabahah financing practices in Sharia Hamsin, et al. (2022)
Banks

20. Analyzing the implementation of Murabahah contracts in Baitul Maal Wa Malikahani, et al. (2022)
Tamwil (BMT)

Source: Researcher, data processed (2025).

Based on the findings of the research, topics related to the
application of Murabahah accounting show variations in
focus on sharia issues, compliance with PSAK No. 402,
and the development of sharia accounting standards. For
example, the research of Ilhami, Hartini, and Nugraheni
(2021) evaluates sharia issues in Murabahah contracts and
an analysis of standards issued by the OJK. Their findings
highlight the importance of regulatory harmonization to
increase transparency and accountability in the
implementation of Murabahah. Another study by Chotib,
Yuliarti, and Nastiti (2024) identified that the
implementation of PSAK No. 402 in business capital
financing has provided good technical guidance, but often
implementation in the field faces obstacles such as limited
human resources and infrastructure.

Table 2. Results of Synthesis and Initial Category Formation

In comparison with previous research, Moosa (2023)
emphasizes the need to develop modern accounting
standards for Islamic banks that are more flexible in facing
global changes. The findings are in line with the research
of Pratiwi, Dewi, and Pradana (2022) which explored the
relationship between accounting theory and Murabahah
practice, emphasizing the importance of integrating theory
and practice to create an efficient and sharia-compliant
reporting system. Overall, these studies underscore the
need for a holistic approach involving regulatory updates,
human resource training, and technology adoption to
ensure the sustainability of shah-compliant Murabahah
accounting practices.

No. | Research Findings

Initial Category Results

I. Development of product standardization in Islamic Banks

The existence of sharia

accounting systems and processes.

2. The tax system used in Islamic countries was the beginning of creating the need for

entities encourages the
emergence of special
accounting standards.

accounting standards

3. Sharia Accounting Standards are pragmatically adapted from conventional

4. Wakalah contracts are still made at the same time as Murabahah contracts, and the
existence of Murabahah objects is not always ensured by Islamic banks

The application of
Murabahah accounting is

5. There are still Islamic banks that do not fully implement PSAK No. 402

not perfect because it is

6. The recognition, measurement, presentation, and disclosure of Murabahah are

caused by behavioral
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inconsistent with the Sharia Financial Accounting Report Standard (PSAK) 402 aspects.

7. Sharia banks only apply one type of contract, namely the Murabahah contract type
which uses a binding order method.

8. There are refinancing and takeover transactions with the obligation to acknowledge
the existence of margin in both transactions.

9. The application of Murabahah accounting is not applied when there is a delay in
payment and receipt of outstanding installments

10. | Meanwhile, in figh, there is actually a deviation from compliance with sharia
applied in PSAK 402

I1. | IFRS tends to deviate from what should be the financial reporting practice for the IFRS rules are not in line
Murabahah facility as a sales-based trade contract with Murabahah

accounting

12. | During the pandemic crisis, when many customers were unable to settle their debts, | The pandemic crisis
banks were forced to postpone debts. However, some features, especially the triggered the emergence of
implementation of the Murabahah contract which begins with the wakalah contract, | problems that in the end
are considered to be contrary to the DSN-MUI fatwa on Murabahah Murabahah contracts were

13. | The selling price that has been agreed at the beginning of the contract has changed no longer used as they
during the financing period. should.

14. | The general procedure for applying for Murabahah financing to Bank Syariah Murabahah Accounting
Mandiri is in four ways, the first is to propose a letter of intent to use Murabahah has used a digitization
financing products, the second is to analyze the ability to pay installments, good system in the input of
faith and guarantees, the third is to approve the proposal and the fourth is to execute | financial statements.
the Murabahah contract, while the sharia accounting system uses a sigma system
which is useful for recording Murabahah financing

15. | Murabahah Accounting Treatment has implemented financing whose operations are | Murabahah accounting in
in accordance with applicable provisions, namely the Statement of Financial accordance with the
Accounting Standards (PSAK) Number 402 provisions of PSAK 402

16. | The implementation of Murabahah accounting in Business Capital Financing can be
ensured that the whole has complied with the provisions of PSAK 402

17. | Murabahah financing has the advantage of no riba or interest

Source: processed data (2025).

The findings in Table 2 show the dynamics and challenges
in the implementation of Murabahah accounting in Islamic
banks. The development of product standardization in
Islamic banks is an important step to create a special
accounting system that is in line with sharia principles.
This underscores the importance of the existence of
relevant standards, such as PSAK No. 402, which are
designed to provide guidance in the recognition,
measurement, presentation and disclosure of Murabahah
transactions (support this view by emphasizing that the
sharia accounting system needs to integrate Islamic values
into its practice to promote fairness and transparency(
Apriyanti & Hani, 2018)

However, there is a gap in the implementation of PSAK
No. 402 in Islamic banks. Some banks have not fully
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complied with these standards, especially regarding the
recognition of margin refinancing, takeovers, and handling
late payments. This condition reflects behavioural and
technical challenges, as explained by Bulutoding et al.
(2021), who highlights that one of the factors affecting
Murabahah financing is the limited competence of human
resources and the operational complexity of Islamic banks.
The research also supports the importance of strengthening
training to increase understanding of Sharia standards
(Muhamat et al., 2013) and optimize digitalization
technology as a consistent implementation solution.

In the context of the pandemic, new challenges such as the
implementation of wakalah contracts in Murabahah show
that there is a discrepancy between field practice and
sharia fatwas. This is in line with Bulutoding and Sharon
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(2023), who stated that the dynamics of the Sharia
economy must remain based on moral principles and
Qur'anic values, despite facing the pressure of external
situations. This research supports the need for flexibility in
adaptation without leaving the essence of sharia, as also
explained by Curran and Hill (2019) regarding the trend of
increasing standards that need to be managed wisely so as
not to create additional burdens for industry players.

On the other hand, digital transformation in Murabahah
accounting shows great potential to improve financial
reporting systems in the future. Bulutoding et al. (2020)
confirmed that the application of technology based on
Islamic moral values can strengthen the commitment of
Islamic banks to the implementation of Sharia as a whole.
This not only increases efficiency but also strengthens
public trust in Islamic bank services. Thus, the application
of technology and the strengthening of regulations are the
two main pillars in supporting a more -effective
implementation of PSAK No. 402.

5.1 Synthesis Result One: Identification of obstacles in the
implementation of Murabahah contracts and accounting in
Sharia entities.

Based on the findings in the previous study that was used
as data in this study, it can be explained that Murabahah
accounting that is practised today still varies in Sharia
entities both in Indonesia and internationally. This is
because the implementation of Murabahah accounting in
each country is still different. Sharia accounting standards
practised in a country's Sharia entities are regulated by the
government and scholars in the country, so there is a
tendency for their implementation to still vary. The causes
of the implementation of Murabahah accounting that vary
in each country are also due to the sudden development of
sharia entities, while the standards on Murabahah
accounting are still not widely understood by the managers
of Murabahah contracts in each sharia entity. In addition,
the management of Murabahah accounting is still
dominated by conventional accounting management
methods, so there is no fundamental difference between
Murabahah accounting applied in sharia entities and
conventional accounting. Murabahah accounting should
be regulated by a global accounting standards body so that
there is uniformity of implementation in various countries.

Six categories are formed from the results of the synthesis
of research results contained in table 2, namely the
existence of Sharia entities encourages the emergence of
new standards, IFRS is not in line with Murabahah
accounting, the pandemic crisis triggered the emergence of
problems that in the end Murabahah contracts are no
longer used as they should, the application of Murabahah
accounting is not perfect, Murabahah accounting is by the
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provisions of PSAK 402 and Murabahah Accounting has
used the system digitalization in the input of financial
statements. The six categories describe the condition of
Murabahah accounting management in sharia entities both
in Indonesia and in the world. The results of the research
findings indicate that there are inconsistencies,
inconsistencies and violations of Murabahah accounting
standards in the management of Murabahah contracts in
various countries.

The existence of Murabahah accounting standards should
be a reference for sharia entities. For the implementation
of Murabahah accounting, not use standards other than
Murabahah accounting standards, it is necessary to be firm
that Sharia accounting standards are different from
international financial reporting standards (IFRS). In
addition, there should be one world organization in the
field of Sharia accounting that must make standards that
must be used by all countries in the world so that the
implementation of Murabahah accounting does not
experience differences. The reason is that the foundation of
Murabahah accounting certainly comes from one source,
namely the Qur'an, the hadith of Muhammad Saw and the
agreement of the scholars. Furthermore, each country is
obliged to socialize these standards and take firm steps in
the implementation of Murabahah accounting both from
the perspective of Sharia compliance and in terms of audit
and supervision.

Furthermore, another problem in the implementation of
Murabahah accounting is the pandemic crisis, which is
one of the triggers for Murabahah contracts to no longer
be operated as they should. Previous research explained
that due to the COVID-19 pandemic, Murabahah contracts
are no longer operationalized by the rules of the contract.
Many irregularities carried out by bank management are
not only Murabahah contracts during the covid 19
pandemic. If the Murabahah contract deviates from the
rules of the contract according to the opinion of the
scholars, then of course, this will affect the chronology of
the transaction, which will have an impact on the
implementation of Murabahah accounting. The results of
previous research explain that although it is contrary to
figh and the Qur'an, if it brings benefits, it can be applied
in Islamic banks. Shariah transaction agreements,
including Murabahah, have not fully reflected the
foundation of jurisprudence. Pragmatic Sharia accounting
still prioritizes adaptation from conventional accounting.
Rules such as (Iswanaji & Wahyudi, 2017.)The time value
of money is considered not explained in the rukun
Murabahah so they are not considered part of the
transaction. Although several components in it are contrary
to the Qur'an, it cannot be punished as haram or halal
because it is believed that annuities provide benefits.
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Based on the explanation above, this will create a gap in
the implementation of Murabahah accounting, which will
involve usury, which will arise from (Ananda et al.,
2021)the time value of money.

5.2 Synthesis Result Two: Deviations in Murabahah
Accounting Practice in Sharia Entities.

The researcher concluded in the first stage that the
deviation of Murabahah accounting practices as a
representation of the compliance of Sharia entities with
Murabahah standards has many obstacles and many
problems.  After identifying obstacles in  the
implementation of Murabahah contracts and accounting in
sharia entities both in Indonesia and in the world, the
synthesis in the second stage of the research is to make a
more in-depth categorization related to irregularities and
supporting conditions so that deviations arise in
Murabahah accounting practices. As explained below.

5.3 Conditions that support Sharia entities have varying
Murabahah accounting practices.

The causes of non-compliance of Sharia entities in
Murabahah accounting standards are the lack of legal
infirmity and sanctions for entities that violate Sharia
rules, transparency in the results of supervision of Sharia
entities, the lack of the role of the Sharia supervisory board
(DPS), and the lack of experts in the field of accounting as
well as sharia rules. The four conditions above are factors
that inhibit sharia entities in Murabahah accounting. As a
result of the above conditions, Murabahah accounting will
not run according to the sharia accounting standards
applicable in Indonesia, the rules of the ulama and the
financial services authority (OJK). As an impact, Sharia
entities are no different from conventional entities, and
their management is not based on the concept of Sharia,
which will certainly have an impact on Sharia maqasidu.

Several studies explain that instability in the
management of sharia entities, both in terms of law and
rules will cause these entities to operate without
considering sharia compliance. This condition will cause
the protected meanings behind the application of sharia
laws to be ignored. Sharia compliance of an entity will
always lead to five components in the sharia maqasidu
(Andini et al., 2025). Maqasidu sharia always prioritizes
the protection of Diin or the religion of Allah, the
protection of the soul, the protection of mind or
knowledge, the protection of descendants and the
protection of property (Briando et al., 2020; Bulutoding &
Sharon, 2023; Mulawarman, 2020; Permatasari et al.,
2021).

In addition to the instability of management in the
form of transparency, some problems will have an impact
on sharia non-compliance. If an entity does not adhere to
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the principle of transparency, the accountability of the
management of the entity will be questioned. The logic is
that when a Sharia entity is not transparent in carrying out
management, it means that something is covered in terms
of accountability. There are reports, or there are sharia
elements that are not accounted for. As explained in Sharia
enterprise theory (SET), a Sharia entity is an entity that
should account for all its activities to three groups of
stakeholders, namely the God Almighty as the owner,
humans as the recipient of the mandate and the universe
where the mandate is carried out. In addition, the lack of
involvement of the Sharia supervisory board (DPS) is one
of the problems in Sharia banking. There is a tendency for
sharia supervisory boards in Indonesia to be based only on
black and white, but DPS tends not to work according to
its main duties and functions. This is because the tendency
to appoint DPS of Islamic banks in Indonesia is still
influenced by political elements. The placement of DPS
should consider the competence possessed by the person.
Then it is very difficult to find people who are experts in
the field of sharia and at the same time master accounting.
People who sit in the DPS of Islamic banks should be
people who understand the rules of Sharia and are experts
in the field of accounting so that in supervising the DPS
carry out their duties by the main tasks given. (Sharon &
Paranoan, 2020;Amaliah & Mattoasi, 2020; Sharon &
Paranoan, 2020; Triyuwono, 1997, 2015;Abdurahim,
2013).

5.4 Lack of Akhlag (moral) aspects in the management of
Murabahah accounting.

In the management of Murabahah, accounting practices in
Sharia entities must be accompanied by aspects of morality
and behaviour in compliance with Sharia rules. Akhlag
(Morals) play a very important role in all actions to realise
Sharia compliance behaviour. If morality in a behaviour
does not exist, then sharia compliance will not be realized.
Akhlag (Morals) are built from the component of faith or
closeness to Allah, the God Almighty. According to Al-
Ghazali's view, four components form Akhlag (morality) in
a Muslim, namely: (1) there is the power of knowledge in
the components of Murabahah accounting behaviour. This
means that people who apply Murabahah accounting must
have management knowledge based on standards that have
been agreed upon by the authorities (2) there is a
controlling power possessed by people who apply
Murabahah accounting so that they do not try to
manipulate the contract and remain consistent in carrying
out the Murabahah contract as it should be (3) there is a
component of faith education, namely creed, sharia and
ihsan when the sharia accounting manager experiences a
dilemma. (4) the balance condition of the three elements
above (Bulutoding, et al., 2019, 2020).
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The implementation of Akhlag (morals) in Murabahah
accounting will be seen in the mastery of the sciences and
standards related to Murabahah accounting. When the
accountant masters the knowledge related to the behaviour
or activities to be carried out, the accountant will try to use
the knowledge he has to implement his behaviour. Bandura
explained a cognitive social theory that cognitive factors or
knowledge will be able to shape individual behaviour in
activities. Furthermore, when a Sharia accountant faces a
dilemma in Murabahah accounting activities related to
Sharia compliance, he immediately exercises self-control
to educate the soul with faith, namely faith, Sharia and
Ikhsan. To achieve perfect morality, the power of
knowledge, control and upbringing of faith must be
balanced so that an accountant can balance the power of
knowledge and logic with the power of faith in Allah the
God Almighty so that a balance of life is achieved in every
one of his behaviours and actions(Parmitasari et al., 2019;
Wang et al., 2019).

5.5.  Theme
Accounting Practice according to standards

Formation: Committed  Murabahah

Murabahah Accounting practices that are Akhlag (moral)
according to standards must be applied in the world of
work both globally and nationally. Some of the conditions
of Murabahah practice that occur in Islamic banking
entities today in the world. Based on the results of the
second phase of data synthesis, the synthesis of these four
conditions is produced, namely (1) The existence of sharia
entities encourages the emergence of new transactions
because the IFRS standards that apply in the world need to
be adapted to Murabahah accounting standards, (2)
Applying Murabahah accounting in several sharia entities
is not by Murabahah accounting standards. (3) The
application of Murabahah accounting in Indonesia is by
the statement of sharia accounting standards and has used
a digitalization system. (4) The COVID-19 pandemic crisis
caused the application of Murabahah accounting not by
the contract, which had an impact on the recording of
Murabahah accounting.

Furthermore, the four synthesis results above are examined
again in depth from the moral aspect by producing four
synthesis results in the third stage, namely: (1) infirmity of
the law when there is a violation in the Sharia entity. This
may be due to political influences in a country, (2) the lack
of role of the Sharia Supervisory Board (DPS) in Islamic
banking institutions. This is due to placements that are not
by their competencies but only meet the formalities of
Islamic banks or are influenced by political elements. (3)
DPS has limited knowledge in one field. DPS members
should be experts in the field of accounting as well as
sharia so that they know the problems in the field of
accounting as well as sharia aspects. (4) Lack of
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supervision of Sharia entities in the field of Sharia
accounting standards so that Sharia financial entities carry
out management not based on standards. In building a
Akhlag (moral) Murabahah Accounting according to
standards, the practice of Murabahah accounting in Sharia
entities must be accompanied by aspects of morality and
behaviour of compliance with Sharia rules (Kurnia Rahayu
etal., 2024).

Akhlag (Morals) play a very important role in all actions to
realise Sharia compliance behaviour. If morality in
behaviour does not exist, then Sharia compliance will not
be realized. Akhlag (Morals) are built from the component
of faith or closeness to Allah, the God Almighty.

V. CONCLUSION

According to Al-Ghazali's view, four components form
morality in a Muslim, namely: (1) there is the power of
knowledge in the components of Murabahah accounting
behaviour. This means that people who apply Murabahah
accounting must have management knowledge based on
standards that have been agreed upon by the competent
body (2) there is a controlling power possessed by the
person who applies Murabahah accounting so that they do
not try to manipulate the contract and remain consistent in
carrying out the Murabahah contract as it should be (3)
there is a component of faith education, namely faith,
sharia and ihsan when the sharia accounting manager
experiences conditions dilemma. (4) and the balance of the
three elements above so that an accountant can balance
between the power of knowledge and logic with the
strength of faith in Allah, the God Almighty so that a
balance of life is achieved in every one of his behaviours
and actions.

Murabahah Accounting practices in the world are still
varied. This raises many questions and studies to find out
the components that cause non-uniform practices in Sharia
entities. There are various findings synthesized from
twenty studies that are used as data in this research, into
six groups of Murabahah accounting practices in the
world, namely the existence of Sharia entities encourages
the emergence of new standards, IFRS is not in line with
Murabahah accounting, the pandemic crisis triggered the
emergence of problems that in the end Murabahah
contracts are no longer used as they should, The
application of Murabahah accounting is not perfect,
Murabahah Accounting is by the provisions of PSAK 402
and Murabahah Accounting has used a digitization system
in the input of financial statements. Based on these six
conditions, it gives the impression that Sharia entities have
Sharia compliance that is still varying and even has Sharia
non-compliance.
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The causes of non-compliance of Sharia entities with
Murabahah accounting standards are the lack of legal
infirmity and sanctions for entities that violate Sharia
rules, transparency in the results of supervision of Sharia
entities, the lack of role of the Sharia supervisory board
(DPS), and the lack of experts in the field of accounting as
well as sharia rules. The four conditions above are factors
that inhibit sharia entities in Murabahah accounting. The
practice of Murabahah accounting in Sharia entities must
be accompanied by aspects of morality and behaviour of
compliance with Sharia rules. Akhlag (Morals )play a very
important role in all actions to realise Sharia compliance
behaviour. If morality in a behaviour does not exist, then
Sharia compliance will not be realized. Akhlag (Morals)
are built from the component of faith or closeness to Allah,
the God Almighty. According to Al-Ghazali's view, four
components form morality in a Muslim, namely: (1) there
is the power of knowledge in the components of
Murabahah accounting behaviour. This means that people
who apply Murabahah accounting must have management
knowledge based on standards that have been agreed upon
by the competent body (2) there is a controlling power
possessed by the person who applies Murabahah
accounting so that they do not try to manipulate the
contract and remain consistent in carrying out the
Murabahah contract as it should be (3) there is a
component of faith education, namely faith, sharia and
ihsan when the sharia accounting manager experiences
conditions dilemma. (4) and the balance of the three
elements above so that an accountant can balance between
the power of knowledge and logic with the strength of
faith in Allah, the God Almighty, so that a balance of life
is achieved in every one of his behaviours and actions.
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