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ATINER is an independent and non-profit Association with a Mission to become a forum where
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city. In the words of Pericles, Athens”...is open to the world, we never expel a foreigner from
learning or seeing”. (“Pericles” Funeral Oration”, in Thucydides, The History of the
Peloponnesian War). It is ATINER’s mission to revive the glory of Ancient Athens by inviting the
World Academic Community to the city, to learn from each other in an environment of freedom
and respect for other people’s opinions and beliefs. After all, the free expression of one’s opinion
formed the basis for the development of democracy, and Athens was its cradle. As it turned out, the
Golden Age of Athens was in fact, the Golden Age of the Western Civilization. Education and
(Re)searching for the “truth” are the pillars of any free (democratic) society. This is the reason why
Education and Research are the two core words in ATINER's name.
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Liguefaction Potential Analysis in Bucharest City & a
Result of the Ground Shaking during Strong Vrancea
Earthquakes

By Andrei Bala& Dieter Hannich

Bucharest, the capital of Romania with about 2.8lioni inhabitants, is
frequently struck by intense, damaging earthquéikes events per century). The
Collaborative Research Center 461 (CRC-461) edtitl8trong Earthquakes -
a Challenge of Geosciences and Civil Engineeringisvestablished in July
1996 and ended in December 2007, but some prajentsued until 2010. It
was funded by the German Research Foundation adlved the University of
Karlsruhe which today belongs to Karslruhe Insétof Technology. The CRC
aimed strategic research in the field of strongtleguakes with regional focus
on the Vrancea seismic events in Romania. Betv@#¥5#-2007 several research
works were done in Romania, with the support oérs¢\Romanian research
institutes and the University of Bucharest. Onthefresearch questions was to
study the occurring of liquefaction during stroragtaquakes within the shallow
sandy layers in Bucharest. In suitable conditiaising earthquakes can cause,
under certain geologic conditions, liquefaction ahdrewith ground failure as
sand boils, lateral spreading, or differentiatedsidence. In the present paper
we analyze the liquefaction risk for Bucharest. Rbis purpose, at 10
representative sites in Bucharest, Seismic ConetRaion Tests (SCPTu) were
executed. An area-wide evaluation of the liquedacfirobability in Bucharest
was established. The factor of safety @gainst liquefaction and the probability
of liquefaction () were computed from the obtained test-data. Fer fifst
time, maps of the liquefaction potential indey for Bucharest were outlined.
This map shows how severe the liquefaction phereomeéght be during strong
Vrancea earthquakes in Bucharest, amplifying tteeeffects.

Keywords: hydrogeologic conditions, liquefaction probabilitiquefaction
hazard, Bucharest city, strong Vrancea earthquakes

Introduction

The shallow geologic underground of Bucharest, whg represented by
Quaternary sediments, is characterized by an attemof soft cohesive and non-
cohesive soil layers down to 300 m depth in thetheon part. Within this
sequence, several main aquifers, exist, presesgiagfic seasonal variations and
long-time trends of the groundwater level. The ipaldr geologic and
hydrogeologic conditions existing in Bucharestedlse question if during strong
Vrancea earthquakes, liquefaction can take plack ifatiquefaction-induced
ground failure can occur. The only observation iqidfaction occurrence in

"Senior Research Geophysicist, National InstituteEfarth Physics, Romania.
*Senior Geologist, Karlsruhe Institute of Technolo@grmany.
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Bucharest during the strong 1977 Vrancea earthqisakenited to a small area

along the old riverbed of the Dambovita. Here wascdbed sand boils aligned
along fissures of several meters developed indkiertng cohesive soils. This site
was then investigated by standard penetration (88t%), followed by laboratory

tests of the ejected sand and finally the factosadéty was computed (Ishihara
and Perlea 1984).

Geology of Bucharest Area

The area of Bucharest is situated within the regigeological unit of the
Moesian Platform, western part, which dates siheebeginning of the Paleozoic
era. After a sedimentary subsidence of the Caguatloredeep during the Upper
Tertiary and Quaternary, an asymmetric sediment@asin results, Bucharest
being situated at the southern margin of this seatt thinning basin (Mutihac
1990). The thickness of the Tertiary sedimentschieg 8000 m near the
Carpathian Arc Bend, appears reduced in the cemteal of Bucharest to about
500-1000 m (since Ciugudean and Martinof 2000). Qbaternary alluvial and
lacustrine deposits are having in the area of Besha thickness of about 200—
300 m (since Liteanu 1952). Holocene loess-likeinsexts, recent alluvial
material and anthropogenic backfill overly on the the Quaternary deposits.

Classification of the Quaternary Deposits

A first classification on the geological and lithgical description of the
Quaternary deposits in the Bucharest area was fmmadateanu (1952). This
classification of 7 main layers (beginning from tharface to depth) although
rather old was considerably improved through trseaeches of Ciugudean and
Martinof (2000) and Ciugudean-Toma and Stefane200€), which acquired a
considerable database during their work at the ddef8.A. during the time. The
classification was generally accepted in the fpatt of XXI century by all
researchers in their studies about site conditaorgs dynamic properties of the
sedimentary layers in and around Bucharest Citp@uiet al. 1999, Mandrescu et
al. 2004, Bala et al. 2006, Bala et al. 2011).

This classification comprises the following layéos complex sedimentary
packages) with general characteristics:

Layer 1: Anthropogenic backfill and soil, with ackness varying between 3—
10 m.

Layer 2: The Upper clayey-sandy complex represidotecene deposits of
loess, sandy clays and sands. The thickness afdhiplex varies between 2—
5 m in the “Dambovita-Colentina inter-fluvial domgi 10-16 m in the
northern and southern Plaines (Baneasa-Pantelintb@atroceni-Vacaresti)
and 3—6 m in the river meadows.

Layer 3: The Colentina gravel complex bearing tldetina-aquifer, is a
layer containing gravels and sands with varyingngs&ze distribution. The
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thickness is variable, between 1-20 m, lacking hie tvestern part of
Bucharest.

Layer 4: The Intermediate clay layer containinga80% hard consolidated
clay and calcareous concretions with intercaldigddand and silt lenses. The
thickness of this layer varies between 0-25 m. didggcal and geophysical
model of the quaternary layers.

Layer 5: The Mostistea sandbank, bearing the Meatiaquifer, is a sand
layer with sands of medium to fine grain size. Tiekness varies in the area
of Bucharest between 1-25 m.

Layer 6: The Lacustrine complex, composed by aatian of limy marled
clay and fine sands, the grain size < 0.005 mmistimg about 86%. The
upper face of the complex lies at 2050 m depthtHauthickness varies

from about 60 m in the southern part of Bucharesaldout 130 m in the
North. The variable thickness is due to the undegl¥rratesti complex which
descents northward.

Layer 7: The Fratesti complex or Lower gravel carpbearing the “Fratesti
aquifer”, lies discordant on Pliocene Levantineydayers. This complex
comprehends three thick (10—40 m each) sandy glayets (named A, B
and C), separated by two marl or clay layers (@a&+40 m thickness). This
thick complex (total thickness 100-180 m), contumipresent in the whole
area of Bucharest, dips northward, its upper serfigng at about 75 m depth
in the southern part of Bucharest and at aboutm @&pth in the north (see
Figure 1).

Figure 1. Cross-Section Showing the Near-Surface GeoloByamarest

Baneasa Colentina-river Progresul
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Sourceafter Bala et al. 2011.

Hydrogeology Characterization of Quaternary Layers

Complex hydro-geological conditions are charaadtegizthe Quaternary

underground of Bucharest. The upper-most aquifer,Golentina-aquifer is an
unconfined aquifer in direct hydraulic connectioithwvihe alluvial deposits of the

two

rivers crossing Bucharest, Colentina and DanthobDepending on the
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geomorphologic units in the area of Bucharest, gheeatic groundwater level
presents variable depths: a higher level, betweserdls m depth in the Dambovita
and Colentina meadows, between 5 and 10 m in timebDé@ta-Colentina inter-
fluvial domain and below 10 m in the Cotroceni-faséi and Baneasa-Pantelimon
Plains (after Bretotean et d986). Within this aquifer the average permeability
(k) lies between 1.2x10and 9.7x18 m/s (Ciugudean and Martinof 2000).

The second, deeper aquifer, the Mostistea-aquiésepts large variations of
thickness in the area of Bucharest and it is maalgonfined aquifer. The
Mostistea-aquifer is connected to the mentionedtistes-sandbanks, composed
of sands with mostly fine to medium grain size, being also at any places in
hydraulic contact with the overlying Colentina-dquiand also especially in the
southern part of Bucharest with the surface watsiem; so there are zones where
Mostistea-aquifer is losing its confined charaeted it is in communication with
the upper-most Colentina-aquifer. The average pedoiiity (k) lies between
5x10-8.3x10° m/s.

The deepest Quaternary aquifer is thicker (dedth®@-300 m and thickness
of 100-150 m); the Fratesti-aquifer is situatethatbase of the Quaternary layers.
It is a regional aquifer system with three distisged aquifers named A, B and C,
each of these having 10—40 m thick, being exterdetnuously in the southern
part of Romania, dipping toward the Carpathians anttropping near the
Danube. The most important aquifer of this systerthé layer A, being mainly
used for drinking water extraction (Bretotean 20@1)e to its relative great depth,
it is considered outside of the near-surface ggotagge and without importance
for liquefaction. The permeability of the uppermlaster “A” within the Fratesti-
aquifer lies at about 1.3x£65.4x10° m/s (Ciugudean and Martinof 2000).

Liquefaction Occurring Conditions

The knowledge of thdocal hydrogeological conditionglays also an
important role in analysing the saturation of tbé and the pore water pressure
increasing and implicit liquefaction occurrence.

The depth of groundwater influences liqguefactioaceptibility and plays a
significant role in Bucharest (Hannich et al. 2006§lecreases significantly with
increasing depth of groundwater level. Thus itesassary to know exactly the
hydrogeologic conditions, the type of aquifers {owd or unconfined), the
piezometric level for each aquifer, the groundwdtew direction and the
groundwater level variations in time (seasonal &wdy-time variations). For
Bucharest the two near-surface aquifers, ColemtnthMostistea, are of interest
for the evaluation of their liquefaction susceftitijpi The depth of the groundwater
level (Figure 2a), its seasonal variation and lomg trends (Figure 3) and the
confined and unconfined character within thesefarpu(Figure 2b) are deduced
from long-time monitoring data. The variation oé throundwater level depth due
to seasonal or extreme precipitation events, inflas as well, as long-time trends
can influence significantly the liquefaction suddsity of these aquifers.
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Piezometric Observations of Aquifers in Bucharest

For Bucharest there are continuous piezometric re@isens for the three
main aquifer systems since 1973, executed in reptas/e piezometric boreholes
belonging to the National Institute for HydrologndaWater Management in
Bucharest. Through recorded long-term variatiohs, difference between the
deepest groundwater level and the highest lewakiperiod 1973-2002 comprises
4-5 m, while seasonal variations can reach up3am2{Figure 3). These observed
groundwater fluctuations in Bucharest, can leaght@tions of the water saturation
within a sand layer from 0—-100%, with direct consatce upon the value of the
shear wave velocity and the variation of the liqaabn potential (Ehret et al.
2010).

Figure 2. a) Depth of Groundwater Level in Bucharest, Measuredanuary
2004 (Original Data from METROUL S.A. and INHGA cBarest)b) Confined
and Unconfined Domains of the Groundwater in theol&dtina’-Aquifer in
January 2004. Red Circles - 10 SCPT Sites; Pinls BBiezometric Boreholes
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Quasi-simultaneous groundwater level measuremeitittnwthe Colentina-
aquifer in about 230 hydrogeologic boreholes settever Bucharest City were
beginning in 2004. In Figure 2a the depth of thmugdwater level, as depths from
the ground level in Bucharest in the Colentinafaquis presented. Based on
these data, a map is obtained describing the @xhfim unconfined state of the
groundwater in the gravely-sandy Colentina-layegufe 2b). This information is
necessary for the evaluation of the liquefactioeipiial in Bucharest.

Monitoring of groundwater level variations in thast years in some
representative groundwater-boreholes within thee@wia-aquifer made possible
to obtain records during extreme precipitation &vefhese show the speed of rise
and decrease of the groundwater level in correlatth the precipitation event.

It was proved that groundwater and groundwaterl lelvanges have a very
important influence on site effects. If confineduéers exist near the surface
liguefaction can take place. Under certain congtione can benefit from the
existence of liquefied layers as they attenuateptiopagation of shear waves
(Ehret et al. 2010).
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The medium-to-fine sands of the Mostistea layertaedalluvial sands in the
Dambovita meadow, fit to the easy-liquefiable ar€duvial and alluvial
environments present frequently rounded partid¢ies. Bucharest these insights
allow the acceptance that the sandy-gravely Colentayer is liquefaction
susceptible, if other influencing criteria are afabilled (Figure 2a). From this
point of view the alluvial soils in the river meaa®in Bucharest are favorable for
liguefaction susceptibility.

Figure 3. Upper Part: Annual Variations of the Groundwaterthe Colentina-
Aquifer during Different Years (1977, 1985, 20000D) in Pipera Borehole.
Lower Part: Annual Precipitations in [l/fhduring 1977, 1985, 2001

1977 1985 2000 2001

Precipitation (I/m?]

Precipitation [I/m?]
e L
‘

Annual mean
498 I/m?

Precipitation [l/m’]

Composition of shallow Quaternary layemsfers to grain size distribution,
gradation and particle shape. For many years, fagtien-related phenomena
were thought to be limited to sands as finer-gdhiseils were considered
incapable of generating the high pore water presassociated with liquefaction.
It was observed in laboratory and in the field #hagn non-plastic silts can liquefy
(Kramer 1996). It was observed also that gravelys sare susceptible for
liquefaction if undrained conditions are assuredHhsy presence of impermeable
layers above and beneath the gravely layer (Kratf86). Only plastic clays
remain non-susceptible for liquefaction.

The medium-to-fine sands of the Mostistea layertaedalluvial sands in the
Dambovita meadow, fit to the easy-liquefiable ar€duvial and alluvial
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environments present frequently rounded parti¢ies. Bucharest these insights
allow the acceptance that the sandy-gravely Colentayer is liquefaction
susceptible, if other influencing criteria are afabilled (Figure 2a). From this
point of view the alluvial soils in the river meaa®in Bucharest are favorable for
liguefaction susceptibility.

Case Study in Bucharest City and Discussion
Cone Penetration Testing (CPT) Method

The analysis of the liquefaction probability, thetemtial of liquefaction and
of ground failure at a site can be evaluated usatg fromCone Penetration Tests
(CPT). The evaluation procedure is based on emapigquations deduced by
different authors (Olsen 1997, Robertson and Wiig8, Chen and Juang 2000,
Lee et al. 2003, Yuan et al. 2004). All these eitgdimethods follow the general
stress-based approach of Seed and Idriss (197 Xequute the determination of
two variables, namely, theyclic stress ratigCSR) and theyclic resistance ratio
(CRR). Since 1971, the determination of CSR, apgsed by Seed and Idriss
(1971), representing the cyclic load in simplifredthods, remained unmodified.

For the determination of CRR, different simplifiedethods have been
proposed till today. In this paper the method psepioby Olsen (1997) is applied
for the determination of CSR and CRR and was ajremdcribed at length by
Hannich et al. (2006a) and (2007).

For Bucharest, in the determination of CSR, theadtaristics of the Vrancea
earthquake of 1977 were used: for Mw=7.4 and peakngl acceleration (i.e.,
PGA-values) at different sites in Bucharest dedumgd method proposed by
Sokolov and Bonjer (2006) and Sokolov et al. (2008)

Thefactor of safetyFs) is determined after Lee et al. (2003) as:

k=CRR/CSRs Q)
Probability of Liquefaction P
The probability of liquefactionP, can be estimated after Juang et al. (2003)

by Eq. (2):
1

v 090" 2)

whereFsis the factor of safety defined by Eq. (1).

After Chen and Juang (2000), the liquefaction wadcur only if the
probability of liquefaction is greater than 35%.

Soil Type Index, Ic
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Starting also from the CPT-data thail type indexic, defined by Robertson
and Wride (1998), a detailed lithological depthfiacan be obtained. The index

Ic is calculated by Eq. 3 and depends on the norethbiress-adjusted cone tip
resistance (Eq. 4) and the normalized frictiorolat{Eq. 5):

1. =[(347-1og(au, )} + (g F + 122)"]* @
whereqgein = normalized (stress-adjusted) cone penetratgstamce, defined as

Qun = 10[%/ (o 'v)05J, (all terms in kPa) (4)
F = normalized friction ratio, defined as
F=1,/(q.-0,)x100% (5)

The soil type indexc helps among others to restrict the probability of
liqguefaction to soils withic<2.8 (Yuan et al. 2004).

Liquefaction Potential Index, Li

Theliquefaction potential indeki is used to evaluate the ground failure risk.
Its severity categories were proposed originally hwgsaki et al. (1982) and
modified by Sonmez (2003), which proposed the chaighe threshold value of
Fs between non-liquefiable and liquefiable layeosnf 1.0 to 1.2 and suggested
the following equations:

20
L = jF(z) W(2) [tz ©)
0
F(2) =1-F, for Fs<0.95
F(z) = 2*1(P*EXP(-18.427*R) for 0.95<k<1.2
F(z)=0 for >1.2
W(z)= 10 -0.5*z forz<20m
W(z)=0 r fo> 20m.

Zz =depth

To interpret the obtained valueslof(Eg. 6), a classificatiois used in Table
1, after several studies.

Li et al. (2006) have assumed threshold probabdity.35 as the border
between liquefaction/no liquefaction. They alsogaesged that LPI=5 can still be
used as a lower bound of failure cases below whhiquefaction-induced
ground failure is expected whereas LPI = 13 is @sgdoundary for high and very
high liquefaction risk.
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Table 1.Liquefaction Potential Index; Classification Index

Liguefaction potential index L; : . .
' Lietal Liguefaction potential
Iwasaki (1982) | Lee etal. (2003) (2006) category
Non-liquefiable (based on

0 0 0 F.<1.2)**
O<Li<?2 O<Li<2 O<Li<2 Low
2<L;<5 2<L;<8* 2<Li<5 Moderate
5<Li<15 8 < <16** 5<L;<13 High

15 >L, 16 >L; 13 >L Very high

*for CRR calculated after Olsen (1997) this vaki8 (Lee et al. 2003).
**for CRR calculated after Olsen (1997) this valsid6 (Lee et al. 2003).
*»*modified by Sonmez (2003).

The liquefaction potential index proposed by Leealet(2003) is used to
evaluate the severity of the liquefaction inducesligd failure.

SCPTu-Measurements in Bucharest

The first systematic research of seismic site tffeake place between 1997—
2007, within the Collaborative Research Centre (ZRBRC) performed by the
University of Karlsruhe, Germany in collaboratioitwseveral research institutes
from Bucharest, Romania.

Seismic Cone Penetration Te$®&CPTu) were executed in Bucharest at 10
representative sites, located in the river meadbtihed Dambowvia River, in the
inter-fluvial domain and in the Northern and SouthBlains (see Figure 2b). In
Bucharest it was possible to reach depths of 33 mough the continuously
recorded cone (tip resistance and the sleeveofmicii was possible to get detailed
lithological profiles, soil type index profiles atite factor of safety over the depth
using empirical methods. These data are useddolatd the liquefaction potential
index and the liquefaction severity index, overGan2-depth interval. Based on
these indicators the contour maps of the liquefagbotential and of the severity
of liquefaction were outlined for Bucharest City.

Seismic Cone Penetration Tests (SCPTu) were capiédn Bucharest in
order to determine missing data on shear wave itielfor the near-surface area
(depths 0-35 m). At the same time important geoieah data on the tip
resistance and the sleeve friction are obtaine@;hwghould enable the probability
of the occurrence of soil liquefaction using enwaiti methods. The SCPTu
measurements were carried out at 10 selecteddaosati Bucharest (Figure 2b).
The principle of the measurements as well as thénemnaatical principles and
formulas that are required for the evaluation ef @PT data are described in the
paper (Hannich et al. 2006b).

The results of the shear wave velocities determime@&CPTu are given in
Table 2 for layers 2—6 in Bucharest.
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Table 2.Results of the Shear Wave Velocities Determinedigfr Seismic Cone
Penetration Tests (SCPTu) in Bucharest for the Neaface Depths (0—35 m)

2.Upper 3.Colentina | 4.Intermediate | 5.Mostistea | 6.Lacustri
Layer no./ Clay aquifer Clay layer al uifér ne layer
Location layer q ylay q y

Shearwave velocity Vs (m/s)

BAZI 291 194 295 308 307
AGRO 332 296 320 - -
VICT 282 252 303 - -
INCERC 295 311 320 - -
IMGB 223 275 - - -
INMH 236 - 283 434 -
METRO 296 292 261 320 355
MOGO 272 244 294 363 -
TINE 167 256 361 - -
EROI 230 209 253 301 336
Average 278 266 300 345 333

Source:after Hannich and Hotzl (2008).
Liquefaction Potential in Bucharest City

In this paper the calculations were outlined f& 11977-Vrancea earthquake
of magnitude Mw=7.4, which supposed to generatePtB& computed values
which are presented in the Table 3 for each site.

Starting from the magnitude of 7.4 of the 1977 \¢emearthquake and the
deduced PGA-values (Sokolov and Bonjer 2006, Seoketaal. 2008) at the ten
SCPTu-sites in Bucharest, the factor of safes), (the probability of liquefaction
(PI), the liquefaction potential indekij as well as the liquefaction severity index
(Ls) were calculated. Table 3 contains the summdriesults for Bucharest
during the 1977 earthquake. It can be seen, thatitthest liquefaction potential
category (“High”) and the highest liqguefaction s@yeclass (“Moderate”) were
obtained for the TINE and EROI sites, in the TindretPark. This result agrees
with the observed and induced (man-made) liquefagthenomena which were
observed in 2015 and described in the Annex1 gbtésent paper.

In Table 3 (column 3) the shearwave velocitiesaoined by Bala et al.
(2011) asVs3o computed in the specific sites. In column 5 thkies of peak
ground acceleration (PGA) are computed accordirgptmlov and Bonjer (2006)
for an earthquake with the same magnitude as & éom 04.03.1977.
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Table 3.Liquefaction Risk Analysis for Bucharest City

VS-SO
Share- Water Deduced . ) Liquefaction
Level Liquefaction .
No.| Name wave PGA Ls : < L potential
. GW * severity class -
velocity ] [m/s?] category
[m/s]
2.6 |38.89] Moderate |13.23 High
1| TINE 237 | 1815 14525 Moderate |18.76] Very high
2 EROI 287 4.2 2.5 | 17.72] Moderate-low| 6.22 High
Low- .
4.0 |33.38 moderate 9.83 High
3 -5 22 Low 75 High
BAZI 267 -8.5 3.6 27.9 Low 16.5 Very high
4 | MOGO 281 -7.5 35 1436 Low 1.91| Low-Moderate
5| VICT 290 -6 3.0 16.2 Low 1.62 Low
3.0 3.9| VeryLow 0.64 Low
6 | AGRO| 311 | IS5 12074 Low | 353]  Moderate
7 IMGB 251 -8.5 2.7 2.82 Very low 0.15 Low
8 | INMH 264 -10 30 | 119  Verylow | 009 Non-
iquefaction
9 | METRO 303 -8.5 2.5 0.99 Very low 0.1B Low
. Non-
10 | INCERC| 305 15| 20 0 | Noniqu. O | liquefaction
4.0 7.06 Very low 0.32 Low

" Liquefaction severity classification after Sonraezl Gokceoglu (2005).
** | jquefaction potential category after Sonmez @3

We discuss first the obtained results for threessiat the locations in which
the liquefaction potential index have high valugéable 3): TINE (Figure 4a);
EROI (Figure 4b) and BAZI (Figure 4c).

In Figure 4a it can be observed, that at TINE fBiG&A-value of 2.6 m/s2 and
for a depth interval of 12 m (between 6—-18 m dejpté)probability of liquefaction
is over 35%, partly even 60%. For this site theuations were performed also
for a PGA-value of 4.0 m/s?, showing an increasta@fprobability of liquefaction
for the same depth interval over 80%. This showessttale of the influence of
PGA upon the liquefaction evaluation.

Not far from the values computed at TINE are thet nalues computed in
Figure 4b for the site EROI. The evaluation wadquered for a PGA-value of 4
m/s2 and presents a probability over 80% for ahdéegerval above the ground
water.

In Figure 4c the calculation results at BAZI looatiare presented. The
evaluation was performed for a PGA-value of 3. rar&l presents a probability
over 80% for a depth interval of 6 m (between 7 md &3 m). For this site,
calculations for a 3.5 m higher groundwater levetevperformed also, showing
an increase of the probability up to nearly 100% @so an increase over 60% for
a deeper depth interval.
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Figure 4. a) Liquefaction Evaluation at the TINE Location for RE2.6 m/$ b)
Liquefaction Evaluation at the EROI Location for R&t.0 m/$ c) Liquefaction
Evaluation at the BAZI Location PGA=3.6 f/s
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The Influence of the Local PGA-Value

The local PGA-value recorded in a site, influerdiesctly the factor of safety
Fs through the CSR-value. To observe the scaldinfluence, for the TINE site
and the BAZI site the liquefaction probability wealculated for PGA-values of
2.5 m/s? and of 4.0 m/s? (Figure 4a and Figure Ab)he location TINE (Figure
4a) the liquefaction probability increase very sgrdor a higher PGA-value, the
liguefaction potential became “very high”, but thepuefaction severity remains
“moderate”. In Figure 4b it can be seen, that t&rr@/s? the probability is lower
than 35%, but for 4.0 m/s? the probability becameagr than 60% and even 80%,
but only for thin soil layers. The liquefaction potial became from “non-
liquefiable” to “low” and the liquefaction severibecame from “non-liquefiable”
to “very low”. The liquefaction severity increasmdy a little, also due to the great
thickness (about 6 m) of the covering clay layecah be said, that for a stronger
earthquake than the 1977 one, at greater PGA-vdigesfaction effects can
appear also at some new sites that until now warsidered as “non-liquefiable”.

Analysis of the Influence of Groundwater Level \&ions for Liquefaction in
Bucharest

Seasonal groundwater level variations and grourehieatel variations due to
extreme precipitation events must be taken int@watcas a main time-variable
influencing factor for liquefaction in Bucharesthel extend of the groundwater
level variations within the upper-most aquifer, elentina aquifer was studied
by continuous level-records during the researclogaf the CRC-461 project. To
emphasize the scale of the influence of groundwéseel variations, the
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liguefaction probability and the other liquefactiamdices were calculated for
different groundwater level. In Figure 4c thesdedédnces are presented for the
case of the BAZI location. It can be seen, thagf@m higher groundwater level,
the probability of liquefaction increase for theolMndepth interval of 12 m, but
especially for the depth interval between 13—-16where the probability was
below 35%, it is now greater than 50%. The liquedacpotential became from
“high” to “very high”, but the liquefaction severiremains “moderate”, mainly
due to the great thickness (about 5 m) of the coyetay layer at this site.

Further it can be shown, that changes of groundwetel influence the
ground response significantly and cannot be nemgletdr site effect analyses
(Ehret et al. 2007).

The Influence of Shear-Wave Seismic Velocities

In Table 1 all the relevant information about th€EPSu measurements
perfomed in Bucharest in 10 sites are given afarttth and Ho6tzl (2008).

The shallow seismic velocity structure of the uppest subsurface is the first
step in estimating the amplification of earthquaidticed ground motion and for
Bucharest it was presented by Von Steht et al.gR08ing classical methods like
seismic refraction.

Extensive information about shear-wave seismicoit#s are presented by
Bala et al. (2011) for the whole Bucharest City a&maploying several seismic
methods adapted to the work in a big city.

Hannich and Orlowsky (2014) presented shear-wavemse velocities
obtained by MULTI-OFFSET VERTICAL SEISMIC PROFILING @VSP)
measurements and obtained the dharacteristic values for the 7 principal
Quaternary layers.

Figure 5. Shear-Wave Velocity Evaluation by SCPT at the TlbdiEation

SCETu at TINER-location Buoharest: Dambovita-River meadow
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Characteristic for liquefaction prone areas areiced shear-wave velocities
of the near-surface geologic formations. The SCRThod enabled the detailed
determination of the shear-wave velocity at théed#ht locations. As an example,
in Figure 5 the variation of the shear-wave vejoaitil a depth of 27 m at the
TINE location (Tineretului Park) is presented. Rastlishear-wave velocities of
about 167 m/s were determined here for the first @epth although the value in
the Table 3 is about 237 m/s, being computed amtépth of 30 m.

In complete contrast with the first 3 sites preséim Figure 4, in Figure 6 the
liguefaction evaluation with low and very low vatuef liquefaction potential
index is presented for the sites INMH; METRO; INGERvhich are placed
outside the river meadow area and to the northegdle interfluvial domain. For
values of PGA in the 2.5-4 rfi/she values of liquefaction potential index isselo
to 0, showing the lack of possibility of occurritiguefaction. The existence of
ground water table at depth around 10 m is plagngy role along with the
composition of the shallow layers in the area. Igufe 6c the liquefaction
evaluation for the INCERC location is presented. & GA-value of 2.5 m/s?
estimated here from the ground motion records ef 1877 earthquake, the
liguefaction evaluations using CPT-data, show abgodity under 35%, that
means under that conditions no liquefaction wiktplace.

Figure 6. Liquefaction Evaluation with low Values of Liqudfan Potential Index
at: a) INMH for PGA=3 m/$b) METRO for PGA=2.5 mfsc) INCERC PGA=
2.5 and PGA=4.0 m/$
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SCPTu-location METRO Liquefaction potential index, L= 0.78 [Low)
(Interfluvial domain) Liquefaction severity index, L = 0.99 (Very Low-non-liqu,)  pga=2.5 m/s*
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c)

It is worth to note that all 3 locations presenteéigure 6 are located to the
north-west of Bucharest, outside the meadow ar€mlaintina River.

As for the liquefaction evaluation in Figure 6 wanbserve that for these
wells we have water table at the deepest levelidet 8.5 and 10.5 m. For the last
site at INCERC (Figure 6c): one for a site accéiemaof 2.5 m/é — and
liguefaction potential index as well as probabibfyiquefaction are close to 0. For
PGA= 4.0 m/%— both parameters are still very low.
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Discussion of the Liquefaction Potential for Buchagst City

Based on the SCPTu-data and the liquefaction patemtiex Li, as well as
on the liquefaction severity index Ls, maps for Barest were prepared, showing
the areas with higher risk to liqguefaction proassng strong earthquakes like the
1977 one.

The map for the liquefaction potential index Li Bucharest is presented in
Figure 7, by interpolation of the Li-values obtalra the ten SCPTu-locations and
additional 4 phantom locations with adopted valt@sLi. The analysis was
performed taking into account the magnitude of #8937 Vrancea earthquake
(Mw=7.4) and a PGA distribution deduced by Sokoémd Bonjer (2006) for
Bucharest central area.

It can be observed that a larger area with lowrgiate(Li > 2) extends SE-
NW, comprising the Dambovita river meadow and tlasteyn part of the
Colentina river meadow. Within this larger areap tlwcal areas — one in the
Tineretului Park and the other in the Eroilor Paround the locations TINE and
EROI, areas with “high” potential (Li > 8) were ¢oared. Around the BAZI and
the AGRO locations, an area with a moderate paiemdex (Li > 5) was
outlined.

Figure 7. Contour Map of the Liquefaction Potential IndeXfdi Bucharest City,
Computed for Evaluated PGA-Values Corresponding®it/ Earthquake (Table
1) and a Return Period of 475 Years
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We have produced here a liquefaction potential rfumpan average of
PGA=3.3 m/§ with a return period of 475 years. However othebabilistic
maps, displaying the liquefaction potential for iaking expected in a 100-year
time window accounting for all earthquakes andlitetihoods of each occurring
can be performed as well.

Conclusions

The liquefaction probability was calculated forteat the 10 SCPTu locations
on the basis of the CPT data (tip resistance as@l/alfriction) using empirical
methods. Simplified procedures, originally propobgdSeed and Idriss (1971) is
still one of the most frequently used, being basedtress calculations, namely as
the ratio between the cyclic stress ratio (CSR) #m&d cyclic resistance ratio
(CRR). The method has been revised and updatedaamdmber of similar
methods have been adapted for the calculation & QURing the years. The Olsen
(1997) method is used in the present study becawsas believed to be most
appropriate for the raw data and conditions aviglabBucharest.

Calculations were carried out on each SCPTu latdtia with different input
data, depending on the site.

1. On each locations the basic data used as inpuistahdgn the actual
shearwave velocity computed in the same locatiowedlsas the ground motion
acceleration computed in place for an Vrancea gaalke with magnitude Mw
7.4 ( as for the great earthquake from 04.03.1977).

2. Some calculations are made with different groundwddvels, which
document the influence of the groundwater fluctreti on the occurrence of
liguefaction, like for location Bazi (Figure 4c).dan be seen that at a higher GW
level, the liquefaction probability is significaythigher than for the lower level of
groundwater. Also for the lower range, the liqagém is significant, clearly
above the limit value of 35%.

3. The influence of elevated PGA levels, i.e. eveftarger magnitudes, are
documented for an increased likelihood of liquefect At the site INCERC
(Figure 6¢c) there are used two levels of maximugelacation: PGA=2.5 m/$
and PGA=4.0 m/$. For the latter value a greater risk of liquefattcan be seen
in the graphics.

4. The importance of the exact knowledge of the grawater levels in a
region, especially in urban areas, in connectidh wicorrect classification of the
liquefaction potential and the seismic hazards nmgps pointed out. At the same
time, historical high and low levels of the grourader must be known in order to
correctly assess the liquefaction risk.

In the present paper it was stressed that grouedieatel changes influence
the ground response strongly and cannot be nedlémtesite effect analyses, the
same effect was noted by previous works (Ehret. 204.0), which were using
other methods.

In the presence of confined aquifers, liquefactcam take place in the
subsurface. This results in attenuation of sheaevpropagation and can reduce
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duration and amplitude of ground shaking and grouatér level changes, even
sezonal variations, should be considered for seismarozonation studies.

The main goals of this research direction couldabkieved if additional
measurements during moderate to strong Vrancdageakes can be adopted for
an overall assessment. The developed groundwaternfiodel is functional and
enables the answer to a main problem of beingtaliteecast groundwater levels
for future times and at certain locations in BuelsarHowever additional, denser
data on anthropogenic influences in the city cemtea and additional continuous
groundwater level measurement data in the urbanaeerequired. The question
of the influence of different groundwater levelsl @nus different degrees of water
saturation within the sand layers on the shear walaeity could be only partially
answered by the SCPTu measurements, but furtheralay investigations by
means of resonant column tests will provide adutialata.

The map of liquefaction potential index was comg@ute all Bucharest area
and we can see 3 locations with great liquefadtidex at TINE and EROI, as
well as at BAZI locations. The locations at ERCH aery sensitive to liquefaction,
due to the present geotechnical parameters andllgan incident has happened
during the construction stage at the undergrowatatEroilor in 2015, exactly in
the same area. The whole incident is describedhiteR 1.

After our observations from Annex 1 a new study desirates the effects of
the same incident. The study of Gheorghe et all9R@eached to the same
conclusions as ours (presented in Annex 1): tinstoaction of the metro station
in the Eroilor area (TINE location) posed a threathe structures aboveground,
due to the geotechnical conditions and annual groomvement recorded prior to
the incident of the metro in December 2015. Fusurelar events might still occur
in the case of underground constructions in Bushare

Two of the locations, where a high potential ine&s computed in Table 3,
are also mentioned in a recent paper that is pregethe vertical displacements
map of Bucharest, obtained using Sentinel-1 dagmds at city scale. The 2
locations TINE and EROI in the present study hawenbaut into evidence by
Radutu et al. (2020) as 2 zones, situated just theaDambova river, with
measurable subsidence areas, which make thenfarrddnstructions.

The question of the influence of magnitude, freqyesontent and duration of
the Vrancea earthquakes on changes in pore wassyse in the Colentina sand
and gravel layer remain a task for the future, thast be pursued as it was
demonstrated a clear link between our measureraadtseismic hazard in a high
populated area as Bucharest City.
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Annex 1

In the end of the present paper we should brougbtdiscussion a serious
incident that occurred in 2015 on the Line 5 (imstauction at that time) of the
underground in Bucharest, incident that unfortuggisved that the conditions of
the shallow layers and the groundwater level astiblited as we presented and
the occurrence of a liquefaction along the Damiaosver is a serious threat for
the all inhabitants in the area.

The two Tunnel Boring Machine (TBM)s, the giant ipgoent that digs the
subway tunnels on the underground line 5 to Druhalderei zone, arrived at the
entrance to “Eroilor 2” station, and on Friday 112D15 at noon the first TBM
named “Sf. Varvara”, broke the molded wall of th#ufe station. A little later
about 500 cubic meters of water, gravel and sandeganto the station (which is
at 22 m depth), leaving behind a “gap” under theccete slab under the Bv.
Eroilor Sanitari. When the TBM came out at the ehdhe tunnel, it broke that
molded wall and a lot of water and alluviums erdeifge station, according to
sources from the construction site.

This mass has practically moved from the areasenher collapse is seen on
the surface and left a gap in which the plaquéefrbad collapse with 30—40 cm
from surface.

Figure 8. Schematic Set of the Area of the Incident

- <3 @ .5 ¥ Pt =20

Source: _ https:/monitorizari.hotnews.ro/stiri-infrastruciumrticole-20665433-intamplat-metrou-
surpat-pamantul-eroilor-acolo-unde-sapa-cartitedgistrala-5.htm.

According to other sources close to the situatibe,large amount of water
that collected and caused other alluvium also clom a depletion well (water
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drainage well) that was damaged when the TBM maachitiered the station, and
the water entered the groundwater and the soil he #area softened.

After the incident, when the first settlements appd under the road, the builder
filled the gap with almost 70 cubic meters of ceter but the compaction

phenomenon continued and another 120 cubic metersnarete were poured.

Eventually, the settlement stagnated. For safetyores, however, the authorities
opted to evacuate some 14 persons from the twbybaildings.

Figure 9. Photo after the Incident with Collapse of the Read the 2 Affected
Buildings across the Road

Source:Agerpres.

That was almost all we have found about the intiftem the media of that
time.

In our rough interpretation the 500 cubic metersvafer and alluvium could
not be replaced completely by only 200 cubic metérsoncrete that was put
under the road in an effort of stabilizing the grduThe situation has much in
common with the liquefaction phenomenon presenteavea and it involves a
great quantity of water mixed with silt and grawlich acted as a thick liquid and
pour into the underground station by the hole eartitolded wall that was dug by
the TBM.

No earthquake was involved in the incident, but TB#M in its movement
created a lot of ground-shaking of the undergroendugh to mobilize the mass
of water and alluviums and to make it move to théanground station at Eroilor
2.

The situation was serious enough so that the eatstrtook some immediate
measures in order to stabilize the ground, closdréific and emptied 2 buildings
which were in a danger of collapsing. Although gnemises of the constructors
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were to rebuild the area in a couple of month®ak more than a year before the
traffic was opened at surface and the constructidine 5 was resumed.

But the situation of the two constructions jusiogsrthe street was not good,
as they were still uninhabitable.

Eventually both of them were refitted after morantlone and a half year after
the incident.

This incident was presented as it involves the saiaterial and conditions as
a real liquefaction and acted in the same way bk place in the underground
station named Eroilor (Figure 9), which is the éxs@ot in which our paper
predicted a high probability of a liquefaction tocar (see Figure 4b and Figure 8
—zone EROI).

After we have proposed this incident on the M-5vepline, as a proof of
existence of geotechnical conditions able to deterran induced liquefaction of
the terrain, we have new scientific proofs recorded interpreted by (Gheorghe
et al. 2019). They have used a medium-resolutioR $Aagery for monitoring
subsidence due to tunneling which was used befodetect fine movements of
the terrain along subway lines.

In the case of the M-5 subway belt, processing tlata stacks each
containing more than 160 Sentinel-1 images, redeat®vement patterns
associated with underground construction works,sisting of cumulative
subsidence values of up to 20 mm with an averagéyygelocity of up to 8
mm/year (Gheorghe et al. 2019) prior and near tlenemt of the technical
incident at Eroilor stations described in Annex 1.

The subsidence values of —40 mm on top of the ns¢dtaon reported by the
authorities immediately after the event could netdetected due to technical
problems, but after that there are recorded prthafisthe terrain in the area begin
to raise very slow and it was not gaining theahwialues.
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Design of a Four-Seat, General Aviation Electric Acraft

By Priya Chouhan& Nikos J. Mourto$

Financial and environmental considerations contirtoeencourage aircraft
manufacturers to consider alternate forms of aifcrpropulsion. On the
financial end, it is the continued rise in aviatifwel prices, as a result of an
increasing demand for air travel, and the depletofrfossil fuel resources; on
the environmental end, it is concerns related to @ollution and global
warming. New aircraft designs are being propossidgielectrical and hybrid
propulsion systems, as a way of tackling both itren€ial and environmental
challenges associated with the continued use dfil fagels. While battery
capabilities are evolving rapidly, the current gtaif-the-art offers an energy
density of ~ 250 Wh/kg. This is sufficient for $ngeneral aviation electric
airplanes, with a modest range no more than 200THms paper explores the
possibility of a medium range (750 km) electritrfeeat, FAR-23 certifiable
general aviation aircraft, assuming an energy dgnsi 1500 Wh/kg, projected
to be available in 2025. It presents the conceptual preliminary design of
such an aircraft, which includes weight and perfante sizing, fuselage
design, wing and high-lift system design, empenrdeggn, landing gear
design, weight and balance, stability and contralalgsis, drag polar
estimation, environmental impact and final speatfans. The results indicate
that such an aircraft is indeed feasible, promistngener general aviation
fleets around the world.

Keywords: general aviation aircraft, electric aircraft, airaft design

Introduction

The main source of energy in aviation today isifdsgls. As our energy
consumption increases exponentially, it leads tocoaesponding rise in the
demand for these fuels, which will persist in tleatrfew decades. This increased
demand causes an increase in fuel prices, whig¢hrmincreases the operating
cost for airlines, business flying, and generala@m. More importantly, the
increasing use of fossil fuels in aviation resuttsncreasing C@emissions, as
well as increasing noise levels around airporterdlare, of course, other ways to
produce energy for airplanes, without using fo$sdls. Many of these are
currently being explored but they are not, at thement, close to their full
potential (Riddell 2004). Electric aircraft offenber emissions, lower noise levels
during taxing, takeoff and landing, lower operattasts, and improved overall
efficiency. This paper explores the possibilityaof electric four-seater aircraft, as
an alternative to conventional gasoline-powerectair.

"Research Assistant, Department of Aerospace EngjigeéSan Jose State University, USA.
*Professor & Chair, Department of Aerospace EngingeSan Jose State University, USA.
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The paper presents the preliminary design of a-passenger, electric,
general aviation aircraft, with a range of 750 kntruise speed of 270 km/hr at a
cruising altitude of 3,000 m, a takeoff field lemgtf 760 m and a landing field of
600 m. The main challenge currently associated eliitric aircraft is the low
specific energy density of the batteries, whichultssin prohibitive levels of
battery weight for typical power requirements. Th&per examines possible
design solutions that would meet the mission sjgatibn of a general aviation
aircraft, as described above.

Comparative Study of General Aviation Electric Aircraft

This section presents a review and comparison eaftred general aviation
aircraft with a similar mission specification.

Bye Aerospace eFlyer 4

The eFlyer (Figure 1) was developed from the smdile seat Bye
Aerospace aircraft and is made of composite mégetideatures a cantilever low
wing with a fixed landing gear, a single enginetwa configuration, with four-
seats enclosed under a bubble canopy. The low egnfiguration offers greater
fuselage volume for passengers, makes it easrefuel, and easier to retract the
landing gear inside the wing. A single electric anaapable of producing 105 kW
(141 hp) is powered by ten batteries, which proade@ndurance of four hours.

Figure 1.Bye Aerospace eFlyer 4 (Bye Aerospace 2020)

I - - -
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Pipistrel Panthera

The Pipistrel Panthera (Figure 2) is a lightweight-caimposite, highly
efficient, four-seat aircraft, which is currentipder development. The Panthera
electrofeatures a cantilever low wing arrangemsiilar to eFlyer 4The four-
seater aircraft is powered by a Siemens 200 kWrelenotor and is intended to
achieve a 400 km range with a cruise speed of 2¥Brk TheT-tail configuration
offers a simple design, low empennage weight, betiieefficiencies, while at the
same time reducing the interference from the wdkbeowing and the propeller
slipstream.

Figure 2. Panthera Electro (Panthera 2020)

Yuneec International E430

Yuneec E430 (Figure 3) is a two-seater electrizraiir with a cruise speed of
100 km/hr, designed for commercial production.ds la V-tail and a high wing
made of composites with a high aspect ratio. Tigd ing makes loading and
unloading easier, provides better visibility towsattie ground and good ground
clearance. The aircraft is powered by 3 to 5 pawk¥uneec OEM lithium
polymer rechargeable batteries, which provide Bitrérendurance. The batteries
can be recharged in 3 to 4 hours from a 220-valebu
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Figure 3. Yuneec E430 (Yuneek 2020)
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Pipistrel Taurus Electro G2

The Taurus Electro G2 (Figure 4) is a two-seakeghglith a range of 600 km.
It features a low wing configuration with a T-taihd has replaced the old
gasoline-powered engine with a high-performancetrdepower train and Li-Po
batteries.

Figure 4. Taurus Electro G2 (Taurus Electro 2020)

A
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Airbus Vahana

The Airbus Vahana (Figure 5) is an electric-powezigght propeller VTOL
personal air vehicle prototype by Airbus. It issf-piloted vehicle with a capacity
of two passengers for a range of 100 km cruising4& miles/hr. It uses the
distributed electric propulsion (DEP) concept oT&L aircraft. DEP allows for
quickly changing the speed of each propeller indéestly to compensate for
gusty winds, keeping the aircraft stable duringjli

Figure 5. Airbus Vahana (Airbus Vahana 2020)

Preliminary Sizing

The preliminary sizing of the proposed aircraft sists of weight sizing and
performance sizing, as described below (Roskamal)985

Weight Sizing

The method below estimates the mission takeoff hefd/ro), the empty
weight (We), and the battery weight (W) of the airplane for the mission
specification given in the introduction.

Figure 6 shows a regression plot of takeoff versopty weight for the
airplanes listed in Table 1.
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Table 1 Takeoff and Empty Weight of Similar Electric Airpga
Aircraft Takeoff Weight (Wro) lbs |  Empty Weight (Wg) Ibs
Pipistrel Taurus Electro
G2 (Wikipedia) 1212 674
Lange Antares 23E
(Wikipedia) 1,873 1,124
Extra 330 LE (Wikipedia) 2,094 1,455
Sunflyer 4 (Bye 2700 1,900
Aerospace)

Airbus Vahana (Airbus) 1,797 1,532
Pipistrel Panthera
(Wikipedia) 2,645 1,764
Silent 2 Electro
(Alisport Swiss) 6,482 4,321
Electrolight 2
(Siegler 2011) 6,805 4,062
NASA Scuba Stingray
(Banke 2015) 3,195 1,438
Figure 6. Regression Plot of Takeoff versus Empty WeighthirAirplanes in
Table 1
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4
38 y=0.9652x+0.2143
3.6
3.4
E .).2
Bl 3
9
9 2.8

o
S
)

2.4

2.6
LOGW_E

3.4

3.6 3.8

The line in Figure 6 is described by:

y=0.9652x + 0.3143

)

while the relationship between takeoff weight amgpty weight is given by:

LOg Wro=A+B |Og WE
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A comparison of equations (1) and (2) gives theaegsijon coefficients A and
B for the relationship between takeoff and emptyghteof electric, general
aviation aircraft: A = 0.3143 and B = 0.9652. Thission weights of the airplane
are now calculated as follows.

Payload Weight

Using an average weight of 175 Ibs per passenger 30 Ibs of baggage
(Roskam 1985a) the payload weight is\W 4 x (175 + 30) = 820 Ibs.

Battery Weight

Hepperle (2012) gives the following empirical foleudor the range of
electric aircraft:

R NGRONC ®

Thus, aircraft range depends on lift-to-drag ratjpecific energy density of
the battery, total system efficiency, and takeaffghit. Table 2 shows theoretical
values of specific energy predicted for the nearéu(Hepperle 2012).

Table 2.Specific Energy Density for Various Types of Begter

Battery Theoretical Value Expected in the next 5-19ears
Li-lon 390 Wh/kg 250 Whikg

Zn-air 1,090 Wh/kg 400-500 Whikg

Li-S 2,570 Wh/kg 500-1,250 Wh/kg
Li-O, 3,500 Wh/kg 800-1,750 Wh/kg

Using the data in Table 2, a LipMattery with an energy density of 1500
Wh/kg is used in the proposed design. The batteweped propulsion system
offers the highest efficiency compared to converaticurboprop, turbofan and
fuel cell systems (Abdel-Hafez 2012). The takeoffight for the mission is
calculated from equation (4) and the weight breakdis shown in Table 3.

Wro = We + W + Wear 4)
Table 3.Summary of Mission Weights
Take-off weight W, (Ibs) 3,980
Payload weight W (Ibs) 820
Operating empty weight, Y\(Ibs) 2,523
Battery Weight, Wy (Ibs) 637
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Takeoff Weight Sensitivities

Take-off weight sensitivities are obtained using thgression coefficients A
= 0.3143 and B = 0.9652 calculated above and cweifs C and D calculated
below (Roskam 1985a):
Wg = CWro —D ®)
For fully electric aircraft C = 1 and
D = WPL + WBAT = 1457 fle (6)

The equations below describe various sensitivities.

Takeoff weight with respect to payload:

SWop o B+Wpg

8Wp;  D-C(1-B)+Wpg ()
Takeoff weight with respect to empty weight:
SI-VTO — B*I-VTO (8)
SWE inv.Logl0 —T—O—Logmgf _A]
Range with respect to takeoff weight:

R _ g~ e #: #: #: Waar
s = —E" My = (/D) = (1/g) + (42) ©)
Range with respect to the lift-to-drag ratio:

8R
8(L/D) = (1 __f;':‘ _fp) *E" nmt ® (1.!3—) (10)
Range with respect to battery energy density:
SR

The sensitivities calculated from the equations vab@re shown in
Table 4 and plotted in Figures 7, 8 and 9.
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Table 4. Takeoff Weight and Range Sensitivities

Junel202

Sensitivity Parameters

Sensitivity Values

§Wro [6Wp,

2.92 Ibs/lb

1.515 Ibs/lb

SR /6 Wrg

-0.188 km/Ib

SR/S(L/D)

74 km

SR/SE"

0.50 km/Wh/kg

Figure 7. Takeoff Weight vs. Payload Weight
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Figure 8. Range vs. Specific Energy Density
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Figure 9. Range vs. Lift-to-Drag Ratio
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As expected, range depends strongly on the lifirémy ratio but also on the
specific energy density of the batteries. This esduse the takeoff weight of
electric aircraft tends to be higher than convemstiaircraft due to the weight of
the batteries. Hence, improving battery energy iteis paramount in helping
increase the range of electric aircraft.

Performance Sizing

The proposed aircraft has a takeoff weight less $800 Ibs, hence it falls
under the FAR-23 certification regulations. A periance constraint analysis is
used to determine the design point of the airanaftpely the combination of wing
area and power required to meet all the missionFakiel 23 requirements. Each
requirement is plotted as a relationship betweergwoeading (W/S) and power
loading (W/P), as shown in Figure 11. To meet tékaad landing requirements
an assumption must be made about the maximunoéfficient of the aircratft in
each of the two configurations. The matching grapthe aircraft is presented in
Figures 11 and 12.

Stall Speed Requirement

The stall speed requirement is set at 60 knotsrelates to wing loading,
density altitude and maximum lift coefficient a©sim in equation (12). Single-
engine airplanes have a range of maximum lift egeffts between 1.3 and 1.9
(Roskam 1985a). A density altitude of 10,000 &issumed (0.0056 Ibfjt

1

Vstan = (2 . 2B )2 12)

P*Chmax
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Takeoff Distance Requirement

The takeoff distance requirementis Sy, = 2500 ft.

Takeoff distance relates to wing loading, powerding, density ratio and
maximum lift coefficient as shown in equation (183ing the takeoff parameter
defined in equation (14).

Sro = 8.134 TOPy; + 0.0149 TOPZ (13)

) (W/P)rp

T*lLmax

Stoc® ((Wfs)m ) =TO0P,; (14)

The density ratio at 10,000 feetis: ¢ = 0.7386
while the takeoff parameter is (Roskam, part 1,5)98

Ibs?

TOPy; =220 - (15)
Hence, the takeoff distance requirement may besegpd as:
(%) 2
(%) e cq62 (16)
S/10 CLMAXpg Ft?+hp

Landing Distance Requirement

The landing distance requiremensjs= 2000 ft at sea level.

Landing weight is heavier for electric aircraft@@nbattery weight stays the
same throughout the flight unlike the reductionfuel weight in conventional
aircraft. Hence:

WL,!WTO — 1 (17)
The landing distance relates to stall speed by:
S, = 0.5136 = V3 (18)

Relating stall speed to wing loading and maximutcéefficient yields:

2+(W/S)y

_ WS . 2
0.002049+Crmax, (Vs = 1.688) (19)

from which we get the relationship for the wingdoa as a function of the
maximum lift coefficient in the landing configuratti.
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w W
(?)L = (?)m = 11.36 * Crmax,

Drag Polar Estimation

Chouhan & Mourtos: gsof a Four-Seat, General Aviation...

(20)

To size the aircraft according to climbing requiesits, it is necessary to
estimate first the drag polars (Roskam 1985a).drag coefficient is given by:

¢t
m+A*e

CD :CDG +

(21)

The low speed drag coefficient can be expressea #&snction of the
equivalent parasite drag area:
Cpo=f/5S (22)

The equivalent parasite area is estimated fromlasinaircraft using the
takeoff weight as follows:

Logiof = a+ b *loggSiyet (23)
wherea= —2.0458 andb = 1.00
Log1oSwer = ¢ +d *logio Wro (24)
wherec = 1.0892and d = 0.5147
From which we get: S,,.. =875 ft2and f = 7.9 (25)

Assuming an aspect ratio A = 10 and an Oswaldiefiay factor e = 0.85 for
the clean configuration, the drag polars are showrable 5.

Table 5.Drag Polars for the Proposed Aircraft

. iy Zero-Lift Drag Oswald Efficiency
Flight Condition Coefficient (Coo) Factor (e) Drag Polar
Clean 0 0.85 0.0407 + 0.0374, 2
Takeoff flaps 0.0165 0.80 0.0572 + 0.0397, *
Landing flaps 0.0615 0.75 0.1022 + 0.0424, 2
Landing gear 0.0215 no effect 0.1237 + 0.0424; °
Climb Requirements
The rate of climb in fpm is expressed as (Roska@bap
RC = dh/dt = 33,000 = RCP (26)

where the rate-of-climb parameter is given by:
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_ e (wys)t?
RCP =~ T s (27)

The airplane must meet the climb requirements uré& 23.65 and FAR
23.77, as listed below.

FAR 23.65
The minimum rate of climb at sea level must beast: RC = 300 fpm
This gives a rate-of-climb parameter: RCP = 0.0091 hp/lbs

Using the drag polar for the clean aircraft fronbl€b we get the following
relationship between wing loading and power loading

208/(2.3 + (W/S) 2y = w/P (28)
The minimum climb gradient for land planes is 118ing:

gl/2 _ {cer+(L/D)71}
(wW/P)y(w/s)t2z c®

(29)

CGRP = 1897 = n, *

we get the relationship between wing loading angigsdoading:
(W/P) = (W/S)Y? = 1103 (30)

FAR 23.77
The climb gradient must be at leastCGR = 1/30 = 0.0333

from which we get:
(W/P) = (W/S)Y/?2 =113 (31)
Cruise Speed Requirement
The cruise speed for propeller-driven aircraftakelated at 70% to 80% of
total power. At this power setting, the profile glia higher than the induced drag,

which is approximately:

CD!' = G']‘CDG (32)

Cruise speed is proportional to the power indefinee as:

WS )1f3
a+(W/P)

Vr o0 I, = ( (33)
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For a cruise speed of 150 knots (172 mph) the powiex isf,, = 1.0 (Roskam
1985a). Hence equation (33) yields:

(—”""5 )”3 —1 (34)

a+(W/P)

It is now possible to determine the best combinatb wing loading and
power loading by plotting all requirements in thatahing graph, as shown in
Figure 10 and assuming appropriate values for taeimum lift coefficients. A
clean version of this graph is reproduced in FiglkteTable 6 summarizes the
results from these studies.

Figure 10.Matching Graph for the Proposed Aircraft
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The design point shown in Figure 11 results inmgioading of 20.5 psf and
a power loading of 20 Ibs/hp. The various desigrampaters that correspond to
these values are summarized in Table 6.

Table 6.Design Parameters

Clean 1.5

Maximum lift coefficient, Cmax Takeoff 1.6

Landing 1.8
Aspect ratio 10
Wing loading, W/S 20.5 psf
Takeoff power loading, (W/IR) 20 Ibs/hp
Wing area, S 194 ft
Take-off power, B 199 hp

Preliminary Design

The following subsections present the preliminaegigh of the proposed
aircraft (Roskam 1985b).

Configuration

The proposed configuration is shown in Figure 12fektures a low,
cantilever wing with zero sweep for better aerodyicaperformance at low
speeds. The T-tail was chosen to increase thetieéfexspect ratio of the vertical
stabilizer, while keeping the horizontal stabilipeitside the wing wake. Finally, a
conventional tricycle landing gear offers fewertpalower weight, lower cost, is
easier to design, and most importantly, providegéod ground stability.

Figure 12.Proposed Aircraft Configuration

x
x—n
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Propulsion System

The electric engine chosen is a Siemens brushless43P 260D. It features
a double winding motor with a 95% efficiency at @5@m and is lightweight.
Energy density, safety, cost, reliability and maimability were all considered in
the selection of rechargeable, lithium-air batteriéh an energy density of 1,500
Wh/kg, expected to be available in 2025 (HeppedlE2.

The propulsion system is integrated in the fuselaigle the electric motor
placed at the front and the batteries placed invthg as well as in the aft fuselage
section. The propeller diameter is obtained frommaéign (35) (Raymer 2012):

1/2

Dy = (4+*Byax *n,*Py)  =550ft (35)

Fuselage Design

Fuselage design parameters were calculated usiagddifinitions and
aerodynamic considerations in Roskam (1985b) aadskhown in Table 7. An
isometric view of the fuselage is shown in FiguBeptepared using the methods
and examples in Roskam (1986).

Table 7.Fuselage Design Parameters

Fuselage Parameters Dimension
Length(ls) 29.40 ft
Inner diamete(d;) 45t
Fineness rati¢l;/dy) 6.53 ft
Rear fuselage ang(é;.) 5 deg
Cabin length 104 ft
Nose length 51t
Tail cone length 14 ft

Figure 13.Isometric View of Fuselage
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Wing and Lateral Control Surface Design

A NASA LS-0417/13 airfoil is selected because sfstperior aerodynamic
characteristics (McGhee et al. 1979). From thegaegiing loading of 20.5 psf,
the wing area is:
S = Wpo/(W/S) = 194 ft? (36)
while the wingspan is found from:

b=vVA=S=44ft (37)

The root, tip, and mean aerodynamic chords aredfasrollows:

¢, = 25/(b* (14 A4,) (38)

Ct = Aoy * Cp (39)
s 492

c= (g) * Cp *® 1+1{::::W (40)

while the spanwise location of mean aerodynamicctisogiven by:

? _ (g) . 1424y, (41)

144y,

The wing design parameters are summarized in Bable

Table 8. Wing Design Parameters

Wing area (S) 194 ft
Aspect ratio (A) 10
Wingspan (b) 44 t
Sweep angleX) 0 deg
Airfoil thickness at the wing centerline

(t/c), 0.14
Airfoil thickness at the wing tip (t/c) 0.12
Taper ratioX) 0.50
Dihedral ) 7 deg
Root chord (g 5.87 ft
Tip chord (¢ 2.90 ft
Mean aerodynamic chord 457 ft
Spanwise location of mag 9.75 ft
Wing Aerodynamic Centery{) 1.14 ft
Aileron Chord Ratio (gc) 0.25
Aileron Span Ratio (fb) 0.60

Empennage, Directional and Longitudinal Control f&ae Design
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The main objective of the horizontal stabilizertds counter the pitching
moments produced by the wing. This must be accshmgli, of course, with the
smallest possible empennage area. The locatioheokmpennage amounts to
estimating the necessary moment asnand x,, as defined in Roskam (Figure

8.1, 1985b). For the proposed aircraft we find:

x, = 13.5 ft;

Xp = 115ft

(42)

Using the tail volume coefficients, we can now ahlte the required area for
the horizontal and vertical stabilizers.

Vi = xp * (Sn/(S* ) (43a)
Vo = xy* (5,/(S * b)) (43b)
Assuming V;, = 0.50 and V}, = 0.04 (43c)
we finds,, = 46.25 ft% and S, = 26 ft2 (44)

The most important design parameters of the emgensaige shown in Table

9.

Table 9.Empennage Design Parameters

Design Parameters Horizontal Stabilizer Vertical Shbilizer
Aspect Ratio 5 1.6
Taper Ratio 0.5 0.4
Wingspan 15.20 ft 6.44 ft
Root Chord 4.05 ft 5.76 ft
Tip Chord 2.02 ft 2.3ft
Mean Aerodynamic Chord 3.15ft 4.27 ft
Sweep 10 15°
Airfoil NACA 0012 NACA 0012
Dihedral 0° 9
Incidence 0° o°

Figure 14.Isometric View of the Empennage with respect td\threy
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Landing Gear Design & Weight and Balance Analysis

To size the landing gear, the center of gravity tnfiist be determined
through a weight and balance analysis. Since thghivef the landing gear itself
must be included in the weight and balance analgsisteration is required to
finalize the size and disposition of the landingrgas well as the center of gravity
location of the aircratft.

Weight and Balance Analysis

The initial center of gravity location is determinthrough a Class-I weight
fraction analysis of the major subgroups of theratt, using the takeoff weight
(Roskam 1985b). Each component weight is expressedfraction of the takeoff
weight (Wro) or the empty weight (), as shown in Table 10.

Table 10. Component Weight Fractions for Similar Airplanexldahe Proposed
Aircraft

Proposed

Type Cessna210| BeechJ-35 | Cessna210J | poovic Aircraft
Wing Group Wo 0.09 0.131 0.099 0.106
Emp. Group 0.024 0.02 0.025 0.023
Wrq
Fuselage Group 0.109 0.069 0.12 0.099
/WTo_
Landing Gear 0.071 0.071 0.056 0.066
Mo ___
Fixed equip. 0.199 0.201 0.171 0.190

TO
We WMo 0.094 0.115 0.099 0.103

Using the average weight fractions from Table b@, €lass-I component
weights are obtained as shown in the second cohinfrable 11. The mission
weights from weight sizing are included in the dhaolumn. The sum of the
weights in the first column yields an empty weigh2342 Ibs, which is slightly
lower than the value estimated in weight sizing3&mbs). The difference is due to
round-off errors in the weight fractions used. THifference is redistributed
among all the components in proportion to theirmgyvts.

Table 11.Subgroup Component Weight Summary for the Prophisechft

Component CIass—I(lléz?matmn Adjustments Class-1 Weight (Ibs)
Wing 425 35 460
Empennage 92 8 99
Fuselage 395 33 428
Landing Gear 263 22 285
Powerplant 758 63 821
Fixed Equip. 409 34 443
Empty Weight 2342 195 2535
Payload 820
Battery Weight 637
Takeoff Weight 3980
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The location of the center of gravity for each bk tmajor airplane
components is calculated using the geometric diefis in Roskam (Table 10.2,

Chouhan & Mourtos: gsof a Four-Seat, General Aviation...

1985b) (see Table 12).

Table 12.Center of Gravity Location of Major Aircraft Comments

, cg location
cg location .
Wort w.r.t. cg quatlon
Component Length (ft) U component | w.r.t. aircraft
component :
length leading nose (ft)
edge/nose (ft)
Fuselage 29.4 0.39 = I 11.466 11.466
Wing 4.57 0.40 * ¢, 1.828 11.758
Vertical 4.27 030+, 1.281 26.411
Stabilizer
Horizontal
Stabilizer 2.56 0.30 = ¢y, 0.768 27.608
Empty 0.45 * |
Weight 29.4 f 13.23 13.23

Landing Gear Design
The maximum static load per strut is calculatethftbe following equations:

1

Nose wheel struts, = Wy, * U—’L] = 1053 lbs (45)
Main wheel strutf,, = Wro * % * ni = 1465 lbs (46)

where, l,, = 2.7 ftand l, =7.5 ft

where the geometry for the static load on the ¢feegear is defined in Roskam
(Figure 9.2a, 1985b). Herg s 2, as there are two main gear struts. One reme g
strut is used based on the maximum static loaduleéilon. The gear ratios are
determined as follows:

Ng * ;m = 0.74, Main gear tire: D; = by = 16.5 * 6 inches (47)
TO
;ﬂ = 0.26, Nose geartire: D; * b, = 14 = 5 inches (48)
TO

The general arrangement of the landing gear isrrdeted using two
geometric, tip-over criteria:

Longitudinal tip-over criterion

The main landing gear must be behind the aft cesitgravity location and
the angle between this location and the main lgngear should be 15 degrees as
shown in Figure 15.
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Figure 15.Longitudinal Tip-Over Criterion for the Proposed&aft

Lateral tip-over criterion
The lateral tip-over criterion (Figure 16) requitieaty < 55°.

Figure 16. Lateral Tip-Over Criterion (Roskam 1985b)
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Longitudinal ground clearance criterion
The longitudinal ground clearance criterion recuiteat the angle defined by
the ground contact of the main landing gear andiubelage tail is greater than the

airplane liftoff angle (typically 1%. As shown in Figure 17, the proposed
configuration clearly exceeds this value.

Figure 17.Longitudinal Ground Clearance Criterion
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Lateral ground clearance criterion
The lateral ground clearance criterion requires tth@ angle defined by the
ground contact of the main gear and the lowess pdrthe wing is at leasf Sith

tires and struts deflated. Figure 18 shows thaptbposed configuration exceeds
this value.

Figure 18.Lateral Ground Clearance Criterion

o Tﬁ::’.

As mentioned earlier, an iterative process is redquito determine the
disposition of the landing gear, as we need tonesé first the center of gravity
location of the airplane, which must include thaghkeof the landing gear itself.
As a result of this process, the main landing ges moved 1.5 ft forward to meet
the two geometric criteria mentioned above. A CAdel of the proposed
aircraft configuration is shown in Figure 19.

Figure 19.Center of Gravity Excursion Diagram
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Weight and Balance Analysis

Table 13 shows the component weight breakdown laadenter of gravity
coordinates of each component, using the finalogdisipn of the landing gear
(Roskam 1985c).

Table 13.Component Weights and Center of Gravity Coordinates

Airplane Weight x W=x z Wz
Component (lbs) (ft) (ft= lbs) (ft) (ft = lbs)
Wing 460 11.76 5408.68 5 2300
Empennage 99 27.01 2673.94 16.4 1623.6
Fuselage 428 11.47 4907.45 6.5 2782
Nose landing 57 5.88 335.16 15 855
gear

g"ei'l? landing 228 14.70 3351.60 25 570
Powerplant 800 4.41 3528 6 4800
Fixed 443 11.47 5079.44 6.5 2879.5
equipment

Empty 2535 13.23 33538.05 7.38 18708.3
weight

Frontrow 350 10 3500 6.5 2275
passengers:

Rearrow 350 12 4200 6.5 2275
passengers:

Luggage 120 15 1800 6 720
Batteries 620 11.758 7289.96 5.2 3224
Takeoff

Weight 3872

Center of Gravity Location for Various Loading Saeos

Table 14 and Figure 20 show respectively the cegitgravity locations and
excursion diagram for different loading scenarios.

Table 14.Final Center of Gravity Location for Different Load Scenarios

Loading scenarios CG locations from nose (ft) Weight(lbs)
Empty Weight 13.23 2535
Empty Weight + Front Row 12.84 2885
passengers

Empty Weight + Rear row 13.08 2885
passengers

Empty Weight + Passengers 12.75 3235
Empty weight + Baggage 13.31 2655
Empty Weight + Passengers 12.83 3355

+ Baggage

Empty Weight + Passengers

+ Baggage + Batteries 12.65 3872

The center of gravity travel i8.13 ¢, well within the acceptable range for
single engine propeller-driven aircraf06 ¢ and 0.27 ¢ (Roskam 1985b). The
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most forward and most aft center of gravity locadi@re 12.64 ft and 13.31 ft
respectively from the fuselage nose. The stabdityl control analysis carried
below may require additional iterations to obtde tfinal center of gravity
location of the airplane.

Figure 20.Longitudinal Stability-Plot
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In Figure 20, the horizontal stabilizer area cgoesling to the minimum
static margin of 5% is 50.50%ftwhile the horizontal stabilizer area obtained
through the tail volume coefficient method was 862 The difference is within
the allowed margins of error for Class-I prelimyaesign. Hence, the proposed
configuration is longitudinally statically stablnd no iteration is required.

Stability and Control Analysis

The static longitudinal and directional stabilitfi/tbe proposed configuration
is established through a Class | stability androbanalysis. The longitudinal and
directional y-plots will determine any changes needed in thezbotal and
vertical tail areas.

Static Longitudinal Stability

The two lines in Figure 20 represent respectivetyraites at which the center
of gravity and the aerodynamic center move as \@eg# the horizontal tail area.
The aft center of gravity location was obtainedierain the weight and balance
analysis. The weight of the empennage is known (8D The horizontal tail
weight is 49.95 Ibs for a planform area of 46.25Assuming that the weight of
the horizontal stabilizer is independent of surfacea, the location of the
aerodynamic center is found from equation (49). Tomgitudinal stability
parameters are summarized in Table 15.
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= _ Yoy (G, (1752 ) () o)

xacA depy (S5 (49)
CLgy, *(1_ da }'(TJ
1+ .
wf
Table 15.Static Longitudinal Stability Parameters

Parameters Values
Xacy s 0.091
CLawf 0.095 per deg
CLah 0.069 per deg
dey, /da 0.4
Xacy, 3.61

In Figure 21 thex,. and thex, are plotted as functions of the horizontal tail
area, which varies from 0 to 66.fThe aircraft needs to be inherently stable with a
static margin of 5%, hence:

dCpm -
_— x
dcp cg

— xg. = —0.05 (50)

Figure 21.Directional Stabilityy-Plot
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The proposed design is directionally stable witredical tail area of 25.24t
obtained from Figure 21 at,G 0.001. The value obtained from the tail volume
coefficient method was 26ftThe difference between the two values is 3%, whic
falls within the acceptable limits of accuracy &€lass | preliminary design.
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Directional Stability

The static directional stability is determined gsindirectionaj-plot with the
side slip moment coefficient plotted as a functidvertical tail area. The gleg
of they-plot follows from equation (51):

Sy Xy
Cng = C"ﬂwf T, * 5% (51)
The wing-fuselage contributiar), Buos Is calculated from equation (52):
Cnﬂwf = —K, * Kgy * Sps * Uf/Sb) (52)

The static directional stability parameters arexghm Table 16.

Table 16.Static Directional Stability Parameters

Parameters Values
Cog, s -0.000341 per deg
Lay, 0.035 per deg
K, 0.0011
Kp, 15

The directionaj-plot of the aircraft is shown in Figure 22.
Drag Polars

The drag polars were estimated in the performaizaegs The objective of
this section is to recalculate these drag polaisgushe actual geometric
characteristics of the airplane.

Airplane Total Wetted Area

The wetted area for the wing, horizontal and vatttail can be calculated
from:

0.25(t/c) p=1+41

Swetpip = 2% Sexpyp ¥ 1+ 141 (53)
while the wetted area of the fuselage can be etdifrom:
2
2 \3 1
Swettedfyse — T * Dy * lp * (1 _;) *(1+ Z) (54)

Table 17 shows the wetted areas of the main dircoafiponents calculated
from equations (53) and (54).
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Table 17.Wetted Area of Main Aircraft Components

Component Wetted Area (ft?)
Wing (S, ) 406.18
Vertical stabilizer §,,,,. ) 53.56
Horizontal stabilizer§,,.,, ) 96.28
Fuselages,, .. ) 437.93
Total S,yez) 963.00

Airplane Zero-Lift Drag

Using the total wetted area from Table 19 in Fign20 of Roskam (1987)
the equivalent parasite area of the airplane is:

f=9ft? (55)
from which we can calculate the zero-lift drag doent:
Cp, = f/S = 0.046 (56)
Low Speed Drag Increments

Using the drag increments due to flaps and theirigngear for the takeoff
and landing configurations from Table 5, the redideag polars for various flight
configurations are shown in Table 18 and plotteBigure 22. Table 19 compares
the lift-to-drag ratios assumed in preliminary rsigwith those calculated through
the actual drag polars of the aircraft. The diffieeein values is within 5%, hence

resizing of the aircraft is not necessary.

Table 18.Airplane Drag Polars

Flight Condition Co

Clean 0.0460 + 0.0374, °
Takeoff flaps 0.0625 + 0.0397, °
Landing flaps 0.1075 + 0.0424; *
Landing gear 0.1290 + 0.0424; *

Table 19. Comparison of the Lift-to-Drag Ratios from Prelimm Sizing
(Assumed) and Preliminary Design (Calculated)

Flight Condition . .L/D . - L/D . Difference
(preliminary sizing) (preliminary design)

Cruise 11.72 11.50 2%

Takeoff 10.0 9.70 3%

Landing 7.50 7.35 2%
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Figure 22.Drag Polars for Cruise, Takeoff and Landing Confajions
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Environmental and Safety Considerations

The environmental issue associated with the prapdssign is the use of
lithium-O;, batteries in electric design. Even though thetébeaircraft requires no
fuel and produces less noise than conventionaladtirgt is clearly not a zero-
emission aircraft. The process associated withptbeuction of these batteries
emits air pollutants that affect air quality anchlie Moreover, the lifetime of
these batteries is still short and induces bati@ste containing toxic or corrosive
materials such as lithium. This hazardous wastédqoose additional threats to
health and the environment if improperly dispodedchargeable batteries will
address to a large extent the disposal issue.

Conclusions

The paper demonstrated that a fully electric, fpassenger, FAR-23
certifiable, general aviation airplane with a 730 kange is feasible, assuming an
energy density of 1500 Wh/kg. Clearly, it will tak@gnificant improvements in
battery technology to allow for such an aircraftevirtheless, as research
continues to push the limits of this technologyisinot unlikely to have these
batteries available as early as 2025.
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Numerical Uncertainty in Parallel Processing Using
Computational Fluid Dynamics as Example

By Mark Lin & Periklis Papadopoulds

Computational methods such as Computational Fluigndiics (CFD)
traditionally yield a single output — a single nugnithat is much like the result
one would get if one were to perform a theoretiGald calculation. However,
this paper will show that computation methods hHakierent uncertainty which
can also be reported statistically. In numericalmgutation, because many
factors affect the data collected, the data camgbeted in terms of standard
deviations (error bars) along with a mean valuentake data comparison
meaningful. In cases where two data sets are obddoy uncertainty, the two
data sets are said to be indistinguishable. A sar#tD problem pertaining to
external aerodynamics is copied and ran on 29 idahtcomputers in a
university computer lab. The expectation is that28l runs should return
exactly the same result; unfortunately, in a fesesathe result turns out to be
different. This is attributed to the parallelizatiecheme which partitions the
mesh to run in parallel on multiple cores of thenpaiter. The distribution of the
computational load is hardware-driven dependingtfoa available resource of
each computer at the time. Things, such as loaaAcalg among multiple
Central Processing Unit (CPU) cores using Messagssihg Interface (MPI)
are transparent to the user. Software algorithmhsas METIS or JOSTLE is
used to automatically divide up the load betweéieréint processors. As such,
the user has no control over the outcome of the €&lEulation even when the
same problem is computed. Because of this, nurhencartainty arises from
parallel (multicore) computing. One way to resoths issue is to compute
problems using a single core, without mesh repaning. However, as this
paper demonstrates even this is not straight fodwar

Keywords: numerical uncertainty, parallelization, load-balang, automotive
aerodynamics

Introduction

If you will, imagine punching in 2 plus 2 on a adktor a million times and
expect a different answer than 4 each time. Takioge step further, what if a
software program is ran over and over on a computastly, what if this process
is repeated for many days, weeks even? Would gmecea different result? The
answer should be no, right? This is important bseati describes the basic
operation of a numerical solver, for example CHDarrive at a single solution
(Eca and Hoekstra 2014).

"Graduate Student, San Jose State University, USA.
*Professor, San Jose State University, USA.
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The motivation for this study is that previouslyhem one computer is not
available in the lab (for example, another studeitgged on), the author would
get on another computer to run his CFD code. Ouerthe has observed that even
when the same code is running the result wouldepdicate sometimes (Beckwith
et al. 1993). This troubles him. Before we stdit lbe mindful that the computers
are identical, and likely purchased in a batch ofaen the same manufacturer
Dell.

The Problem

The situation that is being described here is 8xhotv a CFD code functions.
It is a computer program with many lines of coda over-and-over again, for
many days. A CFD code computes the solution todougpled, partial differential
equations (the Navier-Stokes Equations). While isgha partial differential
equation on the computer is a complicated taskrdirpto Hennig et al. (2015),
the exact lines of computer instruction sent totiaedware should be the same
even when the physical hardware is different (altfio with the same
specifications).

This paper addresses the result inconsistency sa@oset of identical
computers. The precise problem that is investigateithis paper is to take the
same CFD code, copy it onto a bunch of identicadmaters (Figure 1), run it for
exactly the same amount of time (i.e., iteraticasyl report the finding. If the
result turns out to be different, comment on hopwrticeed in that situation.

Figure 1. The Group of Com

Ha. puters that are Used in this Study

V% 7

One assumption in this study is that because tiiz<0Rware is a commercial
software (ANSYS Fluent), due to its proprietaryun@tANSYS Technical Support
cannot comment on the repeatability of the souotke.cThey can only provide
consultation and it is up to the authors to rese#lie root cause. Furthermore,
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numerical uncertainty as it relates to computapiosblems encompasses a wide
body of research into areas such as mathematicadufation of a physical
problem (Cruse and Rizzo 1968), numerical soluti@thods (Press et al. 2007),
and computer programming and processors (Landau 2008). While CFD is
used as an example in this study, the problempager examines has to do
specifically with computer programming and processo

The case that's to be used to illustrate is a @nfipent simulation from a
study presented at th&”2ATINER Mechanical Engineering Conference (Lin and
Papadopoulos 2018). The simulation is a rear wasgrably from a racecar model
in angled flow (yaw). An example of the output ef@ur days of computation is
shown in Figure 2. The metrics that are used fonparison are the resultant
downforce and the resultant drag force from ANSY&D-Post module.

Figure 2. Sample Output from the CFD Run (7.5° Sideslip Aigi@00 Iterations)

Approach

In this study, 29 computers at San Jose State ksitiye Engineering 164
computer lab (a.k.a. ENG164) are used. Every coenpus exactly the same
specifications as shown in Figure 3. Each comphasran Intel Core i7 processor
with 8 cores (i.e., 4 physical cores and 4 virtaks) that can be used for parallel
computing (Lopez Azafa 2015). The computers alse H& GB of RAM and
1TB of hard drive. Among the 29 computers, ther@nis exception: computer no.
E164-30. While this computer looks the same astiers, it turns out that it has a
different processor: an Intel Core i5 processoh witly 4 cores. However, as the
result shows it behaves the same as the othem@guters.
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Figure 3. Specifications of Computers in ENG164 Lab

3 system

A4 [ 5 Control Panel » System and Security > System

Control Panel Home . — .
View basic information about your computer

& Device Manager Windows edition
& Remote settings mterprlse 2016 LTSB --
& System protection © 2016 Microsoft Corporation. All rights reserved.
¥ Advanced system settings --
Systern
Processor: | intelR) Core(TM) i7-4770 CPU @ 3.40GHz 340 GHz |
Installed memeory (RAM): | 16.0 GB
System type: 64-bit Operating System, x64-based processor
Pen and Touch: No Pen or Touch Input is available for this Display

Computer name, domain, and warkgroup settings

Computer name: coe-labie164-28

Full computer name: coe-lab-e164-28.5ISUAD.5I5U.EDU
Computer description:
Domain: SISUAD.SISU.EDU

Windows activation
Windows is activated Read the Microsoft Software License Terms

Product |D: 00378-20000-00003-A4338

Security and Maintenance

The CFD program in this study is a commercial safevANSYS Fluent
(release 19.1 to 2019 R3) that is installed onyeeemputer (ANSYS Manual
2014). Each copy of Fluent solver is ran in doyskszision, parallel processing,
utilizing 6 out of 8 cores as shown in Figure 4r f@ exception case E164-30,
only 3 cores were used. From this ANSYS Fluentesotlescription, it is argued
that all software is identical on every computecatculate the CFD problem. On
average, each computer takes about 4 days to fiarshing 15000 iterations. In
Fluent the residual checking option is turned offtgt every computer can run to
exactly 15000 iterations without terminating evérthe convergence criteria is
met earlier.

Figure 4. The Same ANSYS Fluent Solver Setup on Every Compute

E Fluent Launcher (Setting Edit Only) — O x
Y
ANSYS Fluent Launcher
[imenzion Options
20 Double Precision
i ] Meshing Mode
Bt [ Use Job Scheduler
Izplay Options Use B te Li Mod
Digplay Mesh After Reading L Iibise Hecake LinNode
Wworkbench Color Scheme Processing Options
[ Do not show this panel again O Serial
(® Parallel [Local Mackine)
ACT Option Colrer
[ Load ACT Processes
6=
GPGPUs per Maching
More %]
[# Show More Options
Cancel Help >
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Within ANSYS Fluent, the case that is setup toisusm simple two-airfoil rear
wing from a racecar model. The geometry is simaiel it is rotated 7.5° with
respect to the enclosure. The freestream is alatetbh7.5° so that it is coming in
head-on to the leading edge of the airfoils. Tlae véng assembly is placed in the
mid-height of the enclosure so there is no groufetie and the only boundary
layer is on the wing itself. This set of boundaoynditions is chosen because we
want to simulate as many non-symmetric 3D boundanglitions as possible. The
solver that is used is the Transition SST turbidemodel, with a CFL number of
0.5. This is a convenient simulation to run becaiiskas been performed
previously. The same code is simply copied fronexternal hard drive onto every
computer so no further changes to the code are toada on each computer.

Multicore (Parallel) Computation Results

As shown in Table 1, 25 out of 29 results are idahbut 4 of them are
different. Initially this result causes much hedwaclrhe computers are identical
running the same code so there really is no refmssahis behavior. While some
may argue that the difference is small, less tRanlut the important question is
why are not they exactly the same?

Table 1. Summary of Multicore Results from 29 ComputerdNGES64 Computer
Lab

Computer | Downforce (Fz)| Drag Force (Fy)| Drag ForcéFx) | Combined Drag Force
E164-01 -560.705 198.408 35.0799 201.4853
E164-02 -560.705 198.408 35.0799 201.4853
E164-03 -560.705 198.408 35.0799 201.4853
E164-04 -560.705 198.408 35.0799 201.4853
E164-05 -560.705 198.408 35.0799 201.4853
E164-06 -560.705 198.408 35.0799 201.4853
E164-07 -560.705 198.408 35.0799 201.4853
E164-08 -560.705 198.408 35.0799 201.4853
E164-09 -560.705 198.408 35.0799 201.4853
E164-10 -560.705 198.408 35.0799 201.4853
E164-11 -560.705 198.408 35.0799 201.4853
E164-12 -560.705 198.408 35.0799 201.4853
E164-13 -560.705 198.408 35.0799 201.4853
E164-14 -560.705 198.408 35.0799 201.4853
E164-15 -560.705 198.408 35.0799 201.4853
E164-16 -560.705 198.408 35.0799 201.4853
E164-17 -560.706 198.408 35.0808 201.4855
E164-18 -560.705 198.408 35.0799 201.4853
E164-19 -560.705 198.408 35.0799 201.4853
E164-20 -560.705 198.408 35.0799 201.4853
E164-21 -560.705 198.408 35.0799 201.4853
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E164-22 -560.19 198.714 34.9482 201.7638
E164-23 -560.705 198.408 35.0799 201.4853
E164-24 -560.705 198.408 35.0799 201.4853
E164-25 Computer removed frolBNG164
E164-26 -560.705 198.408 35.0799 201.4853
E164-27 -560.705 198.408 35.0799 201.4853
E164-28 -560.705 198.408 35.0799 201.4853
E164-29 -560.706 198.409 35.0796 201.4863
E164-30 -560.97 198.941 35.249 202.0396

As it turns out, the use of parallel computing withltiple CPU cores running
simultaneously has an effect on the consistencsesilt. Walshaw and Cross
(2007) explained that when in parallel computing thesh is partitioned into
different blocks. Each block is sent to a differemte (CPU) and the load between
each block is distributed and balanced. The CPU twaeach core is distributed
differently depending on the available RAM sizeg thard drive space, and the
other Windows processes that are running. Thisgdatie computing process is
done automatically and is entirely transparenhto user so we have no control
over how the blocks are divided up. Software atgori such as JOSTLE or
METIS (this is used by ANSYS) is used to perforns ttaisk. An illustration of
this redistribution process is shown in Figure bisTparallelization difference is
further confirmed by Mishra and Aggarwal in 2014, their paper "ParTool: A
Feedback-Directed Parallelizer", presented at then@rnational Symposium on
Advanced Parallel Processing Technologies (Mishih &ggarwal 2001). This
fact has been confirmed by ANSYS Application Suppieat parallel computing
would most likely not lead to the same result (KighA, personal communication,
July 29, 2019 to May 28, 2020).

Figure 5. Example Graphs that are Mapped onto Two DiffereracEssor

e

(b) mapping onto a 2D array

Configurations

(a) mapping onto a 1D array
Source:Walshaw and Cross 2007.
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Single-Core Computation Results

While ongoing discussion has been focused on pa@imputing utilizing
the multicores of an Intel Cdé i7-4770 processor, it has been explained to us
why when using parallel computing, the result maydifferent. Next, the study is
switched to utilizing single-core processing to m#ke comparison fair (Maity et
al. 2013). This is not an easy decision to makaumethe code will take longer to
run in the single-core mode. The processing timenge than 10 days to
complete. In addition, we have to ensure the rulhset be interrupted during the
10-day period, either by students or by WindowsatgdThe single-core results
are shown in Table 2.

Table 2. Summary of Single-Core Results from 29 Computer&NG164
Computer Lab

Computer | Downforce (Fz) | Drag Force (Fy)| Drag ForcéFx) | Combined Drag Force
E164-01 -559.807 199.02 44.4015 203.915
E164-02 -559.807 199.02 44.4015 203.915
E164-03 -559.807 199.02 44.4015 203.915
E164-04 -559.807 199.02 44.4015 203.915
E164-05 -559.807 199.02 44.4015 203.915
E164-06 -559.807 199.02 44.4015 203.915
E164-07 -559.807 199.02 44.4015 203.915
E164-08 -559.807 199.02 44.4015 203.915
E164-09 -559.807 199.02 44.4015 203.915
E164-10 -559.807 199.02 44.4015 203.915
E164-11 -559.807 199.02 44.4015 203.915
E164-12 -559.807 199.02 44.4015 203.915
E164-13 -559.807 199.02 44.4015 203.915
E164-14 -559.807 199.02 44.4015 203.915
E164-15 -559.807 199.02 44.4015 203.915
E164-16 -559.807 199.02 44.4015 203.915
E164-17 -559.807 199.02 44.4015 203.915
E164-18 -559.807 199.02 44.4015 203.915
E164-19 -559.807 199.02 44.4015 203.915
E164-20 -559.807 199.02 44.4015 203.915
E164-21 -559.807 199.02 44.4015 203.915
E164-22 -559.807 199.02 44.4015 203.915
E164-23 -559.807 199.02 44.4015 203.915
E164-24 -559.807 199.02 44.4015 203.915
E164-25 Computer removed frolaNG164
E164-26 -559.807 199.02 44.4015 203.915
E164-27 -559.807 199.02 44.4015 203.915
E164-28 -559.807 199.02 44.4015 203.915
E164-29 -559.807 199.02 44.4015 203.915
E164-30 -559.807 199.02 44.4015 203.915

A careful note must be said about how this single-cesult is achieved: it is
through much trial and tribulation. Therefore ohelwdd not expect, and normally
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would not achieve, consistent result such as tleés & one were to run in single-
core mode without the care and control that isased in this academic study.

From this result there are three important thirggedte: first is that all the
results are identical, which is what we set oydrtave. However, in order to get to
this stage there are many details unsaid in thtersent. After numerous 10-day
runs on 29 computers, we have learned that itg®rtant to look at the residuals.
If the residuals are not the same at the end ofuhgat 15000 iterations), the
integral results of downforce and drag force waudd be the same. Secondly, if
the solving process starts off at a different stgrpoint, meaning with a different
set of initial conditions, no matter how close tlaeg to begin with, the result will
never be the same no matter how long the casdAlmsl 2016). A sample of the
initial value is shown in Figure 6. This taughtthat the current problem is not so
much about convergence as it is about number cinopaBnce the residual values
start to deviate as the iteration progresses, iffe@ethce would start to propagate
from one residual value to the next. One note athauinitialization scheme is that
there are two types available in ANSYS: hybrid iatization and standard
initialization. For this study hybrid initializatio is used. Hybrid initialization
requires some guessing on Fluent’s part by solthedzuler equation on a coarse
mesh and use that as the initial guess, as oppasanidard initialization where the
user has to specify all the initial parameters wieads to a longer solve time.

In ANSYS the residuas written as

apgi)p = Z anb¢nb + b (1)
nb
}%(z5 = H Z a/anbnb +b— a'p(bPH (2)

nb

ap Is the center coefficiend,, is the influence coefficient for the neighboriredl,c
and b is the contribution of the source term. The nasids the higher order
Taylor Series terms that are left out when the @sadion equation is discretized.
This discretization error is tracked iterationtieration, and it's the change in
residuals that’s plotted. Typically, we want theuahe in residuals to be smaller
than three orders of magnitude from the start. 8fbeg, to have all 29 computers
produce the same result, one needs to first maileetlsat their residuals are the
same. The trick to solve this problem is to chdek residuals during the 15000
iterations to see when they start to deviate.
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Figure 6. Sample Initialization and Residuals from Fluenv&o

I***Include Solver Example***/
-Case will be initialized with constant pressure
iter  scalar-0
1.000000e+00
1.463416e-03
2.631864e-04
8.668557e-05
2.347466e-05
7.955006e-06
2.599028e-06
9.270428e-07
3.401770e-07
10 1.448375e-07
Hybrid initialization is done.
iter continuity x-velocity y-velocity z-velocity energy k omega intermit
retheta cl-1 cd-1 surf-mon-2  surf-mon-1  time/iter
Reversed flow on 3 faces (2.4% area) of pressure-outlet 6.
1 1.0000e+00 1.0000e+00 1.0000e+00 1.0000e+00 1.0000e+00 8.0242e-01 4.4196e-01 5.4988e-04
1.1375e+02 1.2150e+01 1.5784e+00 1.1985e+01 -3.8831e+02 345:48:37 14999
2 8.3024e-01 8.7096e-01 8.7202e-01 7.4272e-01 8.2991e-01 6.7417e-01 4.1124e-01 3.2043e-03
9.5692e-01 1.5757e+01 1.2060e+01 1.1981e+01 -3.6751e+02 372:27:01 14998

CONDUORAWN =

14999 6.8973e-03 2.9161e-04 2.0077e-03 3.1864e-03 6.8967e-03 6.0816e-04 1.4815e-04 4.5492e-07
1.5752e-05 3.2611e+02 7.2449e+01 1.4839e+01 1.0764e+02 0:01:05 1

15000 6.8688e-03 2.9147e-04 2.0052e-03 3.1852e-03 6.8681e-03 6.0817e-04 1.5489e-04 4.5793e-07
1.5808e-05 3.2614e+02 7.2297e+01 1.4839e+01 1.0761e+02 0:00:00 0

Writing "| gzip -2cf > SolutionMonitor.gz"...

Writing temporary file C:\\Users\\010815~1\\AppData\\Local\Temp\\fintgz-152043002 ...

Done.

I****End Solver Example***/

The third important thing is that during the solyiorocess, the run cannot be
interrupted and restarted, otherwise the residualdd also start to deviate. This
Is attributed to a coding error in the interruggt{nee routine in Fluent as shown in
Figure 7. Note that the last four residual valires are highlighted in yellow: once
the program is stopped and restarted again, thesesédlues would flip in order.
Prior to realizing this, it has been a common jractor people to pause the
solution, examine the result, and restart againvéder as we've shown here,
doing this would distort the residuals field. Résuill never be the same again so
all runs have to be completed in one-shot withtaggsng.

Obeying these do-not-do rules, what works everntuallto initialize the
program just once for all 29 computers, run to detign without stopping,
examine the last iteration residuals, and plot ititegral results for all 29
computers. As previously noted, there are too naetgils in a commercial CFD
program that could cause the results to differ,civhhas been faithfully
demonstrated in this study. As this study shows,résult does not have to be
different - one just needs to be extremely catefeliminate all the possibilities.
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Figure 7. Example of the Solver Process that is Interrupied then Restarted
Again

I***Example of Solver Interruption***/
iter continuity  x-velocity y-velocity  z-velocity  energy k omega intermit
retheta cl-1 cd-1 surf-mon-2  surf-mon-1 time/iter
17 1.2174e-01 2.7499e-02 6.1869e-02 1.0322e-01 1.2131e-01 2.8837e-02 4.9984e-02 4.0734e-03
1.0671e-02 5.9466e+01 1.0792e+02 1.1864e+01 -3.3634e+02 282:45:05 14983
18 1.2337e-01 2.6605e-02 5.5318e-02 9.1153e-02 1.2291e-01 2.6485e-02 4.5585e-02 3.9282e-03
9.5939e-03 6.1226e+01 1.1132e+02 1.1851e+01 -3.3802e+02 280:17:15 14982
Reversed flow on 1 face (0.5% area) of pressure-outlet 6.
19 1.2550e-01 2.5063e-02 5.2885e-02 8.7777e-02 1.2505e-01 2.4458e-02 4.1788e-02 3.7698e-03
8.7626e-03 6.2778e+01 1.1437e+02 1.1837e+01 -3.4098e+02 279:08:44 14981
Writing "| gzip -2cf > FFF-30.1-1.cas.gz"...
Writing temporary file C:\\Users\\010815~1\\AppData\\Local\\Temp\\fintgz-300645 ...
/***Interrupt Solver***/

[***Restart Solver***/
iter continuity  x-velocity y-velocity  z-velocity  energy k omega intermit
retheta cl-1 cd-1 surf-mon-2  surf-mon-1  time/iter
19 1.2650e-01 2.5063e-02 5.2885e-02 8.7777e-02 1.2505e-01 2.4458e-02 4.1788e-02 3.7698e-03
8.7626e-03 -3.4098e+02 1.1837e+01 1.1437e+02 6.2778e+01 0:00:00 14981
Reversed flow on 1 face (0.5% area) of pressure-outlet 6.
Writing "| gzip -2cf > status.txt.gz"...
Writing temporary file C:\\Users\\010815~1\\AppData\\Local\\Temp\\fintgz-268602 ...
Done.
20 1.2639e-01 2.3437e-02 5.0661e-02 8.4820e-02 1.2595e-01 2.2697e-02 3.8489e-02 3.6125e-03
8.0446e-03 -3.4385e+02 1.1823e+01 1.1711e+02 6.4131e+01 349:32:00 14980
Reversed flow on 1 face (0.5% area) of pressure-outlet 6.
21 1.2619e-01 2.1551e-02 4.8649e-02 8.2233e-02 1.2579e-01 2.1150e-02 3.5593e-02 3.4831e-03
7.4447e-03 -3.4935e+02 1.1809e+01 1.1954e+02 6.5273e+01 345:20:57 14979
I****End Interrupt Example***/

Discussion

Now that data has been shown and conclusion driagtmbt all CFD runs
produce exactly the same result (unless extrenm@nas exercised), it is time to
offer an alternative way of looking at CFD datamedy to see it as a statistical
distribution rather than as a precise number. dtis§its, the result is typically
guoted as an average with an error bar (Huff 1988% makes comparison of two
distributions possible by saying whether one igebehan the other when it's
outside of data uncertainty; or conversely, by regaywhether two datasets are
indistinguishable when the mean value is overlappiithin the error bars. In the
multicore computation case here, the mean valpyérdm 29 runs is 560.696 N
and the standard deviation)(is 0.109 N. Hence, if a normal distribution is
assumed then the result can be quotedit@ to encompass 99.7% of the
population (Devore 1991). For this dataset (n=28¢ downforce would be
560.696 + 0.327 N and the drag force would be 2611450.342 N.

When a computer is utilizing multiple cores, it performing parallel
computing: the program is broken into smaller bépcent to different processors,
and all are running at the same time. In that ttesénstructions are not executed
sequentially but in parallel, and the intermedratilts are passed back-and-forth
between the different CPU’s. Parallelization uses$age Passing Interface (MPI)
to pass information in a distributed memory envinent which is the de-facto
standard in HPC systems (Fagg et al. 2001). Flo#ets three MPI choices:
PCMPI, Microsoft MPI, and Intel MPI which adds amert variable to data
consistency (Sharcnet 2019). In practical computiagallel processing utilizing
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multiple cores is still the norm and offers sigrafit advantage in shorter solve
time (Ali and Khan 2012)Therefore, acknowledging that the result will be
different due to these inherent uncertainties,ube of statistical averaging and
data distribution is warranted (Oliver et al. 2014)

Conclusions

This study has taken two years to complete beaziibe long solve time and
the availability of 29 identical computers in awersity engineering lab setting.
The data shows that while most of the time the cdgatjpnal result is exactly the
same, but occasionally the result would differ. We happy to report we can
finally achieve the same result on all 29 compufEings time by having access to
29 identical computers in the ENG164 computer ladind COVID-19 lockdown,

a definitive view of how computational results abubrry has been demonstrated.

It has been shown that the same CFD code, runmrigemtical computers,
and using the same solver, while most of the tiroalevyield the same result, but
once-in-a-while the result would not repeat. Thithe main conclusion from this
paper. Since it has been demonstrated that thikaggwen, the idea of quantifying
a statistical error is not unreasonable. It is possible to calculate an average and
a standard deviation for computational results. r@foee, when reporting
computational results from a parametric study whedesign parameter is varied,
in addition to doing a curve fit through the daténgs one should also show error
bars on the data set. This would make comparisodiftdrent designs more
meaningful and allow real trends to be seen outside@merical uncertainty.
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The D-Learning Alternative during COVID-19 Crisis:
A Preliminary Evaluation based on Kirkpatrick’'s Mod el

By Jalal Ismaili & El Houcine Ouazzani Ibrahirhi

The COVID-19 pandemic has placed schools around vtleeld under
unprecedented challenges where saving studentss lis placed ahead of
education as a priority. Within these conditionsdidtress and uncertainty,
education authorities had no choice but to movditi@al classes into online
ones to ensure the sustainability of studies. Trap inevitable decision has
been a first for most if not all teachers and stug@vho are invited to cope with
a totally new teaching/learning model without neegidy having prior
experience in Distance Learning in terms of appasair techniques. This study
comes as an in-progress appraisal of the D-learrsngnarios proposed by
Moulay Ismail University (MIU) in Meknes, Morocdoased on a two-level
evaluation model (Reaction and Learning) propose@aniel Kirkpatrick. It is
a real-time evaluation of a learning strategy thegs long been considered
optional for some students, to become, rather,am @l constituent for many
education departments around the world. The studhestigates areas of
success and failure from the students’ perspectiee 4 sub-indicators:
accessibility, autonomy, retention and psycholdgicapact. The study
concludes that the figures can be more reassuribgutathe D-learning
experience in MIU once issues related to connégtarild communication are
redressed.

Keywords: d-learning, e-learning, pandemic, COVID-19, Kirkpeit's model,
information and communication technology

Background

Following the Moroccan government’s decision of ptete lockdown to
prevent any uncontrolled spread of COVID-19, theistiy of education took
measures to ensure the continuity of studies hy,irfstance, placing at the
disposal of universities access to TV and radiowhbs to broadcast lectures and
courses on multiple topics for different areas wdwledge. By the same token,
universities tried to be more autonomous by settipgtheir own D-learning
platforms and social media channels, recording taghentic video podcasts and
sharing access to prestigious library databasethedsonfinement is going to last
longer than expected in many parts of the globeemgmnents are calling their
citizens to cope with the virus and the new moddivaoig. So far, uncertainty
prevails for teachers, students and decision-malevghether the students will be
able to resume their studies at schools as nosrthkes did before the pandemic.

"Assistant Professor, The Higher Institute of Tedbgy, Moulay Ismail University, Morocco.
*Professor, Laboratory of Discourse, Creativity, i8tycand Religions, Faculty of Letters and
Humanities Sais, Sidi Mohamed Ben Abdellah Unitgrd¥iorocco.
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D-learning will probably continue to serve as anpk for many schools
around the globe, especially those challenged fye laize classes where social
distancing is highly required. So far, the offickallletins and communications
issued by the government (Minister of National Edion 2021, MapNews 2021)
tend to promote an assuring discourse that haseet empirically verified.
Because it is of paramount importance to retrieeediback from students to
evaluate the effectiveness of the experience ampbjit areas of imperfection that
hinder the attainment of optimal results, this gtodmes to provide a preliminary
concise evaluation of the D-learning model adojedhe MIU affiliate Higher
Institute of Technology. The school that hostsestisl from divergent communities
and social milieus (urban communities, suburbamsoand remote villages ...)
should serve as a typical case study that fuligfges the criteria of representation
and randomness. The institute takes advantage afniversity’'s digital resources
and apparatus whose added value is yet to be prdueng these peculiar
conditions. The evaluation examines the proce&stessibility(students’ ability
to access the resources placed at their disposalatotain the continuity of
studies), Autonomy(the students’ ability to process/digest the coursserial
provided by the faculty)Retention(the student’s ability to provide pertinent
feedback and perform well during exams) &sgichological impacdfthe student’s
ability to cope with the conditions that characeithe D-learning model)

The paper is divided into 6 sections and orgarasddllows: The first section
discusses the significance of Information and Comaation Technology (ICT)
before the pandemic, followed by a review of ICbgrams in Morocco. The
related work section is dedicated to the statbefitt relative to D-learning before
and during the pandemic in Morocco. The practieal gtarts with a briefing about
the methodology, and results. Finally, comes thgligations and interpretations
section and conclusion.

E-Learning and D-Learning in Morocco: GENIE Programme

The ministry of national education in Morocco cetdbs the programme of
Generalisation of Information and Communication hredogies in Education
(GENIE) as the most elaborate collaborative ICTgmome in the country. In
order to approximate the global ever-evolving regean Information and
Communication Technology for Education (ICTE), th®roccan ministry of
education launched the Generalisation of ICT indatlan Programme (GENIE) in
2006 to establish a nationwide strategy that syatises the abrupt occasional
initiatives by teachers and voluntary associatiwhese effectiveness remained,
for a while, questionable and more intuitive.

In its initial version, GENIE was granted a periaidthree years with three
principal axes; infrastructure, training and digiesources:

Infrastructure : setting up multimedia environments with interc@hnection

for students in partnership with international keace and software
companies. Each Regional Academy of Education amhifig (RAET)
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places at the disposal of affiliated teachers 2imedia rooms for professional
training.

Training : It was based on a waterfall approach. At therakanhit in Rabat, a
group of “Master Trainers” is selected and traibgcexperts. These Master
Trainers will undertake the mission of coachingdional coaches from each
of the 16 RAETs. These 4 coaches would, in retging training to 2 or 3
school staff who should eventually transfer thming to their co-workers.
Digital resources also called content development aims at providiiggal
resources and establishing a national laboratorgligifal resources and a
national ICTE web portal.

GENIE 1l (2009-2013) was patrticularly characteriggdthe introduction of a
fourth axis to be added to infrastructure, trainamgl digital resources; that is of
usage development. The new mission sets a numipgioaty objectives such as
the acquisition of digital resources, launchingl@iE web portal, organising
sensitisation campaigns and sharing workshopslsdt iavestigates and tracks
what the end users do with ICT (Ennda 2010). Algtotine pace of realisation has
tangibly improved, the programme fell short agdiaahieving 100% of the target
goals.

Within the Strategic Vision of Reform 2015/2030riabed by the Supreme
Council for Education, Training and Scientific Rasd (SCETSR), particularly in
the sixth lever, the council calls for the equipieieducational institutions with
the necessary infrastructure, equipment, didactitenal... and digital libraries...
It also calls for the equipment of classrooms \aitidio-visual aids and ICTs. The
vision has lifted the ban on GENIE and freed ibfrany fixed-term plans. Starting
from 2016, the programme has for the first timengokeup on Open-Source
programmes thanks to the National Laboratory oft8ligResources (NLDR) and
the Morocco-Korean Centre of ICTE Training (MKCTY Imeans of several
projects.

Programme Evaluation: Donald Kirkpatrick’'s Four Lev els of Evaluation

In 1959, Donald Kirkpatrick proposed 4 basic leval®valuation published
in the Training and Development Journal to make ugference mark for most, if
not all, subsequent models of evaluatigrkpatrick 2009)When launched for
the first time, it made part of a project on evahg a supervisory training
programme, yet the model's simplicity, effectivemeand comprehensiveness
required in any evaluation process makes it a dibddr a wide range of study
fields including medicine, higher education, vomadil education in enterprises,
blended learning, ICT, etc. (Moldovan 2016, Taméiral. 2002). Because of the
ever-evolving research on evaluation, Kirkpatriédho consistently adapt or
update the levels’ guidelines, while the four lev@kaction/learning/ behaviour/
evaluation) remained unchangeable. The levelsisoeeterred to as steps or even
taxonomy as each one leads to a more elaboratetteyas “more difficult and
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time-consuming, but ... also provides more valuatftemation” (Kirkpatrick and
Kirkpatrick 2006).

1. Reaction: Kirkpatrick also calls it a “measure oltomer satisfaction”
(Kirkpatrick 1996). A customer according to himaisyone who takes part
of the training course whether they paid for itrat, whether it was
voluntary or forced by an organisation. Althougé thodel was conceived
about 60 years ago, Kirkpatrick adopts a bottomapproach to the
evaluation process as he believes that the poséaaions of trainees are
important for trainers and for those who make putlograms.

2. Learning: This step measures the effectivenessaphing process and the
impact it made on the learners at one of thesdstekeowledge, skills or
attitudes. Certain programs target enhancing onthesfe competencies
such as languages or engineering, while othersncarporate integrative
approaches to enhance two or even three such asatioot and
communication courses. The evaluator, there- fatest determine clearly
their objectives to remain on a safe side.

3. Behaviour: This step is referred to as transfetrahing. It examines
whether the training has impacted the learnersaietr at work or
school as intended by the institution after attegd particular training.
Kirkpatrick, as stated earlier in this chapterywgyattention to the fact that
institutions that carry out evaluation are likadyskip behaviour and results
evaluation; nevertheless, some institutes bypassfitst two levels to
address particularly behaviour evaluation from veey beginning. He
disapprovingly does not recommend the procedure exath calls it a
“serious mistake” because a programme’s failuréetoser at the level of
behaviour does not impulsively mean that it fatiedleliver at the level of
reaction and learning.

4. Results: This step examines the final results hacetfects of the training
on learners and institution as well. Optimal resshould, for instance,
reveal an increase of profit, better quality pradubetter graduation rates,
cost reduction, reinforcement of desirable prastie@d values, lower
drop-out rates, etc. “It is important to recogrtisat results like these are
the reason for having some training programmesreite, the final
objectives of the training programme need to b&edta these terms”
(Kirkpatrick 2009).

Related Work

Academic research on D-learning during the COVIDpa8idemic is still in
progress in many parts of the world. It will centgitake time to conduct a
thorough appraisal of this unprecedented experiekeanwhile, a number of
research papers have tried to share perspectoragiifferent parts of the world

In a study entitled “Influence of COVID-19 confinent on students’
performance in higher education” Gonzalez et &2(2 analyse the effects of
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COVID-19 confinement on the autonomous learnindoperance of students in
higher education at Universidad Autbnoma de Ma(Bjghin). They compare the
differences in assessments before and during theepac by dividing students
into two groups; a control group from previous geand an experimental group
that was interrupted because of the confinemerttoriing to the study, there is a
significant positive effect of the COVID-19 confment on the students’
performance.

In a paper entitled “Global impact of COVID-19 odueation systems: the
emergency remote teaching at Sultan Qaboos UrtiersdDsman (2020)
highlights the impact of COVID-19 pandemic on thdu@ation system in the
Sultanate of Oman. The paper provides an analytesdription of the Emergency
Remote Teaching Plan in higher education and hewestperience has changed
the teaching and learning landscape.

In a paper entitled “Innovations in teacher edocatt the time of COVID-
19: an Australian perspective” Scull et al. (2028)ress the Australian response
to the emerging COVID-19 challenges to the edunatertor and details how the
Australian university implemented a number of irgtoxe solutions to move
online. The conversion incorporates synchronous asyhchronous learning
opportunities. The paper tries to investigate #wotoirs that contributed to fostering
high levels of interaction of pre-service teachgrarticularly by means of
interviews with professors. Scull et al. providawanber of cues and key lessons
that “might benefit others looking for ways to piae/ high-quality teacher
education programmes during and after the COVIpddemic.”

As for the Moroccan context, Oubibi and Wei (20&rgue that e-learning
and Massive Open Online Courses (MOOCs), as pofautas of D-learning, are
becoming an option no more; they rather represanimaninent conversion
towards the undisputed digitalised future of thévenmsity. According to them,
universities are facing substantial financial aechhical imperatives that make e-
learning, via blended learning model and (MOOCdgmapting solution for the
university and for the students in China and Mooodthe study also highlights
the disparity of readiness for change between Mara@nd China in favour of the
latter due to investments in ICT placed at the aligp of Chinese universities,
teachers and students. In an effort to contribatgoromoting D-Learning in
Moroccan universities, Riyami et al. (2016) propes@edagogical plan using
MOOC for teacher training. It is a chart of intdroaal MOOCs available for
university professors which identifies trainingssttumised to the beneficiaries’
areas of expertise and levels. The study also pespa management plan to
motivate teachers during the training.

Bouziane (2019) conducted an exhaustive syntheticeg of master and
doctoral theses in which he investigated succasdaglare experiences relative to
ICT in education in Morocco. The study affirms tbatine learning, in particular,
IS not given the attention it is worth by decismakers, which proved to be indeed
a strategic pitfall during the Corona pandemic. Bawe checked the level of
Morocco’s e-readiness to integrate into the infdiomesociety based on a Harvard
e-readiness assessment framework (Bouziane, 2B#E9xoncluded that, apart
from networked economy, the other indicators ofwmoek access, networked
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society and network policy scored a satisfactovgll®f preparedness. Whereas
indicators and sub-indicators of relevance to tlmeddcan university scored lower
than average. In another study conducted by ElaastiBouziane (2019), they
evaluate seven online courses in a digital worldpgce of Hassan Il university
using Quality Matters rubrics. They concluded ttia# courses fell short of

delivering satisfactory results as far as the gustandards are concerned

The World Economic Forum (2020) showcased the sofgeemand for D-
learning technologies, particularly online learnipigtforms after the schools’
shutdown marking the largest “online movement” hie thistory of education.
According to the WEF, the challenges of limitedffstaaining, insufficient
bandwidth and little preparation may lead to poseruexperience that is
“unconducive to sustained growth”. Yet there isoadychance that a new hybrid
model of education will develop with significant nedits (World Economic
Forum 2020). The challenges of accessibility talvare and internet that exist
between privileged and underprivileged communifsesnetimes within the same
nation) are hard to deny or overlook; still, stsdive shown that the students’
retention capacity jumps higher (25-60%) while hgkonline courses compared to
classroom courses, according to the WEF. The datigint be justified by the fact
that D-learning provides larger margins of autonoemd better customised
learning pace (Andresen et al. 2002). These pedziand economic benefits,
according to the WEF, imply that this new educatioodel will be adopted for
good and are not temporary.

To sum up, the review of D-learning literature segjg that the 2019
pandemic is but a trigger that released the pramfesevitable radical change. It
was just a matter of time before we witness a téiariary change towards a more
digitised model of education. Some countries havesken the inevitable need to
invest in infrastructure, hence they acted andrgdron a long run basis; others
did not act until change has become urgent andbferc

Methodology

The appraisal of distant learning in Morocco, a foint, imposed by the
COVID-19 pandemic is important but may not yield@mprehensive ultimate
verdict about the whole teaching model. The relegamsides in the fact that it
pinpoints areas of weakness to rectify and areasrength to capitalise on. The
authors, thus, prefer to restrict the evaluatiorKidpatrick's (2009 first two
levels; reaction and learning. The reaction leakés into account the abundance
of sufficient material, adequate learning environiéhe students’ interaction
with peers and instructors and the students’ ingpyasabout the experience.
Positive feedback at this level does not neceggaian that the learning process
has been effective and successful. The next Ié@injng) gauges the students’
performance and intake. The attainment of the tbgcset forth by the teacher is
detrimental to the potential sustainability of @sieing model post the pandemic.
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Population of the Study

The population of the study consists of 136 fiestty students from the
Higher Institute of Technology. The students, whosgors are Business and
Computer Science, descend from different partshef dountry and divergent
social milieus. They were surveyed by means of (&Bgrms during the first two
weeks of May 2020 (7 weeks post the beginning lebaicshutdown). The survey
observed the requirements of anonymity, randomnesgresentation and
disclosure of the survey purpose. The authorsenttiat the answers were flowing
at a high speed compared to other surveys condecididr for other purposes
(Ismaili and Ouazzani Ibrahimi 2017). Over 85% ddlid/ responses were
generated in less than 4 hours, which may be equdiy the students’ alertness
to updates and possession of gadgets to communiithttneir school.

Rubrics of Survey

The survey incorporates 4 rubrics. Accessibility,utghomy and
Psychological impact would answer inquiries relatedKirkpatrick’'s level of
Reaction, while the Retention rubric would provateswers relative to the next
level that is Learning. Each rubric incorporaté®ims to answer.

» Accessibility: The rubric surveys the students’gession of ICT devices,
access to the university's D-learning platform &eduency of use.

e Autonomy: The rubric surveys the students’ ability sustain self-
regulated activities without direct interferencanirteachers.

e Psychological impact: the rubric examines the decee of the D-
learning model as a constant component of futtabsyin addition to its
role in relieving levels of stress and tension.

* Retention: The rubric surveys the students’ cajabd retain information
they receive online and their confidence in repoatythe inputs.

Data Analysis

The process of data analysis is based on quargitaind qualitative
methodology and is carried out using IBM’s StatatiPackage for the Social
Sciences V21. The analysis investigates areasr@lation between 20 variables;
19 of which are ordinal while 1 is nominal to hdptter explain the achieved
results. Correlation of these variables would ey lead to building
connection(s) between the 4 rubrics of researchuadédrstand their mechanisms
of interaction. The process will also help drafplivations and recommendations
for interested stakeholders. The 19 questionnteras are to be answered on a
scale from 1 to 5; 1 stands for highly disagredleshtranslates into highly agree.
The results are considered positive/satisfactorgnathe scale average is at least
4/5, and it is negative/unsatisfactory when it doglew 2/5. The analysis of each
rubric is summed up with an index reference s8ttased on the Mean. Failure to
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achieve that number implies that immediate actipistakeholders is required to
mend the gap.
Results
Accessibility

This rubric examines the abundance of the fundaaheequirements to make
the D-learning possible to take place. The itemevbésee Figure 1) depict the

availability of gadgets, internet, engagement, easiness of platform use.

Figure 1. Accessibility
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According to the survey (Figure 1), 54.5% of thengke students find
accessibility to the university’s D-learning platfo(FAD) very easy while 25.7%
find it a bit challenging. The observed affinitytiwvfigures related accessibility to
internet access may correlate as 55.9% of studerttave access to internet while
27.2% do not. Despite the fact that Moroccan imeaperators have engaged in
providing free access to the ministry of educasiquiatforms “except YouTub®”
the procedure remains of limited impact for highwestitutes given that a big
number of lectures are uploaded in video forma¥ouTube. By the same token,
51% of students may be described as regular \8ditathe platform, 30% frequent
visitors, while 19% are irregular users. The mastsiying results in this rubric are
those related to ownership of smart gadgets givert 76.5% of students
constantly possess a laptop, a smartphone or et,talflile only 11.7% do not.
The 11.8% who answered “not sure” may have to wmeed device at home.

https://www.moroccoworldnews.com/2020/03/297143/meops-telecommunication-operato
rs-offer-free-internet-access-to-education-webkites
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Table 1.Accessibility Index Reference based on Mean

Easy access Ownership Internet Ea$y 0 Regularity

to the of gadgets | availability navigate of visits
platform gadg platform

Mean 3.5147 4.2206 3.5809 3.6029 3.5662
N 136 136 136 136 136
Std'. , 1.36075 1.07972 1.49347 1.27819 1.10690
Deviation

As the five items have scored higher than the imd&tence 3, and given that
the average mean is 3.69, it is concluded that ateessibility results are
satisfactory and indicate the abundance of decemditions for D-learning to
operate (Table 1).

Autonomy

Autonomy rubric examines the participants’ abilitysustain self-regulated
activities, and how well they can do relying onirthgrerequisite skills and
competencies. In the absence of peers and teafbtgrsically” around, it is
important to know how the students handle learcimglenges of obscurity, lack

of understanding and lagging behind their peers.
30 21 23
20 14 16 I
10

You can work  You need to check You communicate You seek help from  You can study
alone and easily similar content on with your teachers your classmates 100% online foran
understand the  the internet (e.g. to request more during this period entire academic

content available videos) to better information about year
understand the the material
lessons

Figure 2. Autonomy

80 72
70

60

50

40 34

49

B Strongly disagree M Disagree M Not sure Agree W Strongly agree

Figure 2 indicates that 45.6% of students canwl#althe resources available
online in full autonomy, while 18.3% encounter sorhallenges. 36.1% say they
are not sure, and it is completely understandablee saverage students in the
classroom need a bit of help before they can giiaspessons and digest the
difficulties. The study finds that the students Idggheir intuitive autolearning
mechanisms as 72.8% diversify their resources Iogudting similar content on
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the internet. Networking with peers is another naegdm used as 50.7% of
students feel the need to stay connected with ttlassmates to seek help,
coordinate and share material. 22.1%, howeverptiteel like they need to. One
striking finding about autonomy rubric is the mddesel of direct communication
with professors. It is true that the university,imhathe faculty, invested a huge
effort setting up a D-learning strategy and compilinaterial in a short tifieyet
direct communication between students and teacherdd result in a more
significant outcome. The last question examinesptrécipants’ readiness to go
100% online for the upcoming year, and the idemotswelcomed by 65.5% of
participants. The reactions suggest that the gaatits are not ready to trade the
traditional classroom for a virtual one, at leastthe time being. Only 17.7% do
not mind the transition.

Table 2. Autonomy Index Reference based on Mean

Checking o o Going
Full Communicating| Communicating| 100%
other X : .
autonomy with professors | with classmates online next
sources year
Mean 3.4485 | 4.1029 2.4853 3.4779 2.2059
N 136 136 136 136 136
S.td'. 1.07373 | 1.15649 1.36075 1.30507 1.26560
Deviation

The index reference has been attained in 3 iterdshas not in 2 others
(Table 2). Still, the average mean of the 5 vaeisilid 3.13, which is satisfactory.
The available content as well as the deploymenheaf autolearning strategies
have scored satisfactory results, while direct comoation with faculty is yet to
be addressed by the university. Communication doesnly help in the process
of learning, but it is also a source of moral raemsce for students. Certainly,
shifting to 100% online courses is an ominous psdjom the authors do not
endorse as it suggests the confinement will stayaftong time. Thus, the low
mean recorded is not considered as negative ¢o fite regarded as an index
reference.

Psychological Impact

The psychological impact examines the students’tiemad reaction to this
experience in addition to identifying the affectifiker if there is any. It also
verifies whether any prior exposure to D-learnimfobe the pandemic has made
the full online transfer any easier.

“http://lwww.mapexpress.ma/actualite/societe-et-megfitovid-19-cing-questions-au-president-
luniversite-moulay-ismail-meknes/
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Figure 3. Psychological Impact
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Before the school D-learning You would liketo  You question/ You enjoy/like your
shutdown, were experience see e-learning as have doubts about D-learning
you familiar with alleviate moments part of your the effectiveness experience

online/e-learning of tension/stress of online courses
courses during the

confinement

syllabus in the
future (25% online
courses)

m Strongly disagree  m Disagree  m Not sure Agree ®Strongly agree

As Figure 3 illustrates, the first question of thubric tries to detect whether
students have been prepared to work online befieréotkdown. Any preceding
initiation would alleviate feelings of flounderingnd getting lost for novice
students with nil D-learning experience. 37.5% airtipipants acknowledge
having a previous e-learning experience, while 38&ted that they do not. The
20.5% left of the sample (undecided) suggests dbate students have doubts
about their technology skills and are not confidentall themselves experienced
D-learners. 41.2% of surveyed students doubt thévagnce of D-learning to
actual classroom learning, while 22% have high idente in technology
effectiveness. The good news for D-learning adwscaét finding that it helps
alleviate feelings of stress and tension during ¢befinement for 53.7% of
surveyed students. 23.5% say it does not becaegdéive accessibility issues on
the first place, especially with internet as theglan. In addition, 47.1% think the
D-learning experience is enjoyable at the perdenal, opposite to 33.8% who do
not. When asked if they want D-learning to be piytincorporated (25%) in next
year's syllabus, almost 56% welcomed the idea. @BI$% categorically rejected
the proposition as they will have to deal with terent challenges again; mainly
those mentioned in the accessibility rubric.

Table 3.Psychological Impact Index Reference based on Mean

o i . Incorporating
Famlllarlty D Iea_rnlng 2504 D- Enjoyment of
with D- alleviates , .
) learning the experience
learning Stress
Permanently
Mean 3.0441 3.3971 3.4926 3.2132
N 136 136 136 136
Std. Deviation 1.39240 1.35690 1.36624 1.42677
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Since the item relative to doubts about D-learngngot applicable to index
referencing and may not serve as an objectivagetiat was omitted from Table
3. The four other items scored satisfactory resatging between 3.04 and 3.49.
The average mean of psychological impact (3.28kéty to improve once the
issues stated above are redressed.

Retention

In this rubric we study the effectiveness and retum investment of the D-
learning model. The D-learning experience may hesidered a success only
when the students manage to acquire or at leashatise knowledge and skills
they at home.

Figure 4. Retention
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80
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60

50 45 47
39

80

40 33 33 33

30 30 29 30

30 22 22
17 21
20 14
8
| a2 . .
5 - Es —— N

The new lessons (those You are ready to take  You need assistance The resources available
you did not study at exams on the units you from your teachers online are helpful to
school) are easy to studied online post the confinement you
understand online (before exams)

M Strongly disagree M Disagree Not sure Agree HStrongly agree

Figure 4 shows that the students encounter challewigh new lessons they
are introduced to for the first time that only 28.4ind them within everyone’s
reach; 48.6% think they are hard to understanid. \Wworth mentioning that the
students were only two or three weeks away frometid of modules and the
remaining lessons make up only a small fractiothefsyllabus. These results are
consistent with those recorded by the ENSAM (seerdtated work section).
When asked about the helpfulness of content alaitatdine, 85.3% left finds it
either relatively or completely helpful, whereadyoi.7% think it is not. As for
their readiness to take an exam without any rewieuwnake-up classes, around
40% said they are ready and 38.3% are not, whil@%84emained undecided.
Nonetheless, the vast majority do not mind theatnie of make-up classes and
review before the exams with over 80%. A tiny pmipa of 3.7% think they do
not need it.
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Table 4.Retention Index Reference based on Mean

Junel202

Content is Ready for Assstance' Resources are
before exam is
easy exam helpful
needed
Mean 25147 2.9485 4.3382 3.5368
N 136 136 136 136
Std. Deviation 1.16100 1.38414 .92872 1.08121

Table 4 above shows that the index reference @iessdas been achieved in
two rubrics. The average mean for the retentioriau3.32, which is satisfactory.
Students, accordingly, demonstrate their appreaatif the human factor as
indispensable to any successful D-learning scen@hie resources placed at the
disposal of students by their professors are desdifl valued. On the other hand,
the weak direct communication with professors agpuéyr affects the students’
retention capabilites and confidence in their cetapcies. Internalising the
learners’ newly acquired knowledge and skills, $ngj hard work and correcting
mistakes reinforce the process of learning aneesitiacy.

Interpretations

Many of the above findings lead us to inspect tbémial correlations
between variables and subsequently rubrics. Urathelistg the relations between
variables can help interested bodies to find adecg@utions that can elevate the
index references. There is still room for the ursitg to adapt and polish the D-
learning strategy, but some solutions must be taitem national level as they
involve other parties. It is observed, for instaribat students who do not enjoy
the D-learning experience are those who strugdle gadget and internet issues
(see Table 5). So, if the ministry in collaboratiaith other ministries, donors,
partners and stakeholders can fix this issue, no#imr issues would, hopefully,
get fixed. Following are observed correlations with authors’ interpretation and
personal recommendations

Table 5.Positive Correlations

Correlations

Enjoyment of
the Contentis Ownership of Ready for
experience Full autonomy easy gadgets exam

Enjoyment of the Pearson Correlation 1 406" 497" a5 358
Experience Sig. (2-tailed) 000 000 000 000

M 136 136 136 136 136
Full autonomy Pearson Correlation 406" 1 384" 2917 255"

Sig. (2-tailed) .0oo .0oo oo 003

M 136 136 136 136 136
Content is easy Pearson Correlation 407" 384" 1 e 398"

Sig. (2-tailed) .0oo .0oo .0oo .0oo

M 136 136 136 136 136
ownership of gadaets Pearson Correlation 325" 2017 M6 1 12

Sig. (2-tailed) .0oo oo .0oo 85

M 136 136 136 136 136
Ready for exam Pearson Correlation 358" 285" 399" 12 1

Sig. (2-tailed) ooo 003 ooo 195

M 136 136 136 136 136

** Correlation is significant at the 0.01 level (2-failed).
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Table 6 Negative Correlations
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Correlations
Communicati D-learning
ng with alleviates
professors Stress
Junicating with Pearson Correlation 1 -209"
iS00S Sig. (2-tailed) 014
M 136 136
‘ning alleviates Pearson Correlation -.209 1
i Sig. (2-tailed) 014

il 136 136

sarrelation is significant at the 0.05 level (2-tailed).

1. There is a significant positive correlation betweswmership of gadgets
and enjoyment of the D-learning experien¢$34)=0.32p=0.000.

2. There is a significant positive correlation betweasiness of the content
and enjoyment of the experiencé,34)=0.49p=0.000.

3. There is a significant positive correlation betwaswmership of gadgets
and easiness of the conte(1,34)=0.31p=0.000.

4. There is a significant positive correlation betwdss student’s feeling of
autonomy and enjoyment of the experiem¢E34)=0.40p=0.000.

5. There is a significant positive correlation betweasiness of content and
readiness to take examgl34)=0.39p=0.000.

6. There is a significant negative correlation betweemmunication with
professors and levels of stress for D-learn¢i84)=-0.20p=0.014.

Discussion

The study of D-learning experience in MIU concludkeat 14 out of 19
surveyed items have scored satisfactory resulte¢ban index reference) while 5
require redressing by the university and the mini§the average mean for the 4
rubrics (accessibility, autonomy, retention andcpsjogical impact) has scored
3.35, which is generally reassuring and subjectpdsitive change post the
confinement.

At the level of reaction, the surveyed items mayehacored satisfactory
levels, yet there is a lot to be done to improve Erlearning experience for
students. Because the students did not benefit &oyninitiative that promotes
accessibility to internet and laptop such as Nafidanched in 2008), they were
left to their own financial capacity to provide orféor many years, Nafida
provided access to internet and multimedia ressufoe public schools and
subsidised the purchase of laptops and internehemtion for students and
teachers. This initiative would have made a lotddference had it been
relaunched during the pandemic. The ministry claittmat a newly signed
agreement with three Moroccan phone and data gpgsttould allow free access
to the platforms created by schools and univessigéll access to video content
(uploaded on YouTube) is restricted and not covbyeithe pact.
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The missing direct communication with some profes$@s contributed to
magnifying the learning challenges for some stiglésde Table 6). Accessibility
to apparatus and internet does not seem to beisafffor the learning process to
be effective. The D-learning model is a new for ynprofessors and most of the
students, so when challenges surface the blaméeis put on the process as
whole that is, then, seen not effective. Exploit@wgry communication medium,
by both parties, helps to draw a much clearer ateaut the ends that should be
met. The challenges that go mishandled will evéiytiead to losing confidence
in the utility of D-learning and even in the stutself-efficacy.

As the study reveals a sense of fear by studentsf teast aversion, of
prolonging studies remotely, there is a good re&stelieve that networking with
professors and students would lead to maintairocgakties that alleviate tension.
Once online communication with professors and peegstablished, approaching
learning difficulties would be more positive. Thelyrubric that did not attain
index reference 4, or above, is that of psycholigiopact. It is perfectly logical
to assert that the mounting learning difficultie®vent the enjoyment of D-
learning experience. The widely recognised motwathat accompanies the use
of ICT for learning (Ismaili 2020) is spoiled byetkhallenges that accumulate.

Finally, it is repeatedly reported in the survegttthe students’ household
conditions do not help in the process of D-learnfthough the feedback of the
sample population does not elaborate on the nafureisance they feel, the study
recommends adopting a blended/hybrid scenariaddaices the time of physical
interaction at school, yet it maintains a minimuinsa@cial ties that are essential for
the students’ psychological health.

Study Limitations

Although the study adopts a mixed method approdih, qualitative
dimension remains limited. Direct interviews withetstudents at the time of
lockdown when the disturbances (cognitive and emat) were reaching their
topmost could have drawn a much clearer and maaltnage about the students’
reactions. Despite the fact that the teachersppetse is not focal in this study, it
is of paramount importance for future related &sidb investigate this axis in
order to connect the dots and devise effectivedinlag solutions.

Conclusions

This study comes to investigate areas of succesdire for the D-learning
scenario proposed under the compelling conditioi&/1D-19 lockdown. It is a
real-time evaluation of a learning strategy thas Hang been considered
complementary and optional for students whosequéeti professional or personal
conditions do not allow attending in-person clasgesbably the lockdown will
not last forever, but the D-learning model is beiogrtainly, reconsidered as a
Plan A constituent by many governments and educa@partments around the
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world that are now compulsorily invited to examiheir ICT assets. Although
Kirkpatrick (2009) asserts that the four levelsewhluation (reaction, learning,
behaviour, results) may not necessarily be conducb@secutively, doing so is
primordial to shaping a better understanding ofagi@amme’s effectiveness. The
success or failure to deliver is conditioned bydbhendance of investment in the
infrastructure and learning environment. This stbdy examined interrelated and
interdependent variables of the D-learning expedgeim MIU at the level of
reaction and learning and concluded that:

e The MIU students’ satisfaction with the D-learnirexperience is
conditioned by their ownership of decent qualitydggts and internet
connection. Failure to help underprivileged stuslentthis regard would
leave them lagging behind their peers. When tedgyols available, it
contributes to making the best of one’s autolegrrshkills (Voogt and
Pelgrum 2005).

* Whenever the university’s platform content is gasiiderstood, by means
of virtual chatrooms for instance, it is noted tte students’ motivation to
engage in the D-learning experience jumps higher.

* The student’s enjoyment of the D-learning expegeamties heavily on the
student’s feeling of autonomy and ability to sqiwveblems on their own.

e The students can get their confidence back onlynvthey have a good
command of the syllabus and are permanently guitigain, stronger and
direct contact with teachers can help in the psces

* The more communication with professors, which iewesatisfactory in
our case, increases, the lower levels of anxiety siness can get.
Communication at this point is not only a scholasitalyst but also a
psychostimulant agent.
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