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Abstract. Recently, the use of fiber-reinforced polymer (FRP) bar to reinforce concrete
structures has received a lot of attention due to its high tensile strength, corrosion resistance
and good non-magnetic properties. However, the material properties of FRP are significantly
different from the properties of reinforcement, especially the modulus of elasticity. This fact
shows that the applicability of existing empirical equations of reinforced concrete beams
applied to FRP reinforced concrete beams might be different. In this study, an approach using
a feedforward neural network (FNN) with One-step secant (OSS) technique is proposed to
predict the shear strength of FRP reinforced concrete beams without stirrups. The
performance of the model is assessed by statistical criteria, namely correlation coefficient (R),
root mean square error (RMSE), and mean square error (MAE) with the values are
respectively 0,9963; 3,5625; 2,5837 for the training dataset and 0,9732; 12,1796; 8,8089 for
testing dataset. In addition, this study uses a partial dependence plots (PDP) to evaluate the
importance of each parameter affecting the shear strength of FRP reinforced concrete beams
without stirrups. The results of this study show that the proposed FNN-OSS model has the
ability to predict accurately the target. Discussions on the factors affecting the shear strength
of FRP reinforced concrete beams without stirrups are also given.
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Tom tit. Viéc sir dung thanh cét soi polyme (FRP) dé gia cb két ciu bé tong da nhan dugc rat
nhiéu sy quan tam trong thoi gian gan day do cac thanh FRP cd do bén kéo cao, chong an
mon va dic tinh khéng tir tinh tét. Tuy nhién, cac dic tinh vat liéu caa FRP ¢6 sy khac biét
dang ké so véi cac dic tinh ciia cot thép, dac biét 1a mo dun dan hoi. Dicu nay cho thay kha
nang ap dung cac mé hinh tinh toan truyén thdng s& khdng con phi hop véi dam bé tong cét
thanh FRP. Trong nghién ciu ndy, mot cach tiép can sir dung thuat toan hoc may mang no-
ron truyén thang (FNN) vai ki thuat mot budc One-step secant (OSS) da duoc dé xuat dé dy
doan stic khang cat caa dam bé tong cbt thanh FRP khong c6 cét thép dai. Hiéu suat cua md
hinh dugc danh gia bang cac tiéu chi thong k&, cu thé 1a hé s twong quan (R), sai sd toan
phuong trung binh géc (RMSE) va sai s6 tuyét ddi trung binh (MAE) véi céc gia tri lan luot
la 0,9963; 3,5625; 2,5837 cho tap dir liéu dao tao va 0,9732; 12,1796; 8,8089 cho tap dir liéu
kiém chting. Bén canh d6, nghién ctu ndy st dung biéu db phu thuéc mot phan (PDP) dé
danh gia mirc d6 quan trong cua tirng thong sb anh hudng dén sirc khang cit caa dam bé tong
cot thanh FRP khong c6 cot thép dai. Két qua ciia nghién ciru ndy cho thiy mo hinh FNN-
0SS dugce dé xuét co kha nang du doan mot cach nhanh chong va chinh x4c, ddng thoi xem
xét dugc cac yéu té anh huong dén suc khang cat cua dam bé tong cét thanh FRP khéng co
cbt thép dai.

Tiur khéa: Dam FRP khong cbt dai, mang no-ron truyén thang (FNN), sirc khang cit.
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1. PAT VAN PE

Trong diéu kién moéi trudng an mon, kha ning chiju lyc cua cac thanh cot thép trong két
ciu bé tong c6 thé bi suy giam nghiém trong. Do do, mdi quan tdm hang dau cua cac nha
nghién ctru va k§ su la kiém soat sy an mon cua Cac thanh cot thép hoic thay thé cac thanh
cot thép bang mot s6 loai vat liéu khac dé co thé cung cép cac dic tinh co ly mong mudn ciing
nhu ngén nglra sy an mon cot thép. Mot 30 nghién ctru da chi ra ring thanh cot soi polyme
(FRP) co tiém nang 16n dé dap wng nhu cdu d6 [1-4]. Thanh FRP c6 mét sé vu diém so voi
cot thép thong thudng, d6 1a khong bi dn mon, dd bén kéo cao, trong lwong nhe, kha ning
chéng moi, cach dién khong tur tinh, bién dang d&o va trong luong riéng nho [5]. Do do, cac
thanh FRP dd duoc dé xuét thay thé ct thép cho cac loai két ciu bé tong chiu tac dong cua
mai trudng xam thue khac nhau nhu nha may xir Iy nuéc thai va hoa chét, tuong bién, bén tau
va cic cong trinh dudi nuéc [6]. Cac nghién ctiu thuc nghiém va phan tich trude day da két
luan rang ly thuyét udn cua cac cau kién bé téng cot thép (BTCT) ciing co gia tri ddi véi dam
bé téng cbt thanh FRP [7]. Tuy nhién, cac dic tinh vat liéu cua FRP c6 su khéc biét dang ké
S0 V&i cac dic tinh cua cot thép, cu thé 1a do déo, md dun dan hoi va do bén cit cua thanh
FRP thip hon so véi thép thanh. Vai cau kién BTCT chiu uén khong cé cbt thép dai chiu cat,
kha ning chiu cat phu thuoc hoan toan vao kha ning chiu cat cua bé tdng ving nén, vao luc
cat lién két gitra hai mat cua vét nit va vao luc chét cua cdt thép doc. Miac du ¢ng xir chiu cat
ctia cau kién ndy vé co ban c6 thé tuong ty nhu ctia cac cdu kién BTCT, nhung dic tinh vat
liéu dac biét cua thanh FRP ¢6 thé 1am thay doi dang ké sic khang cat [8]. Bén canh dé, ciu
kién bé tdng vai cac thanh FRP dong vai tro ¢t thép doc phat trién cac vét nat rong hon va
sau hon so vé&i cac cau kién dung cét thép thuong [9, 10]. Vi vay, kha ning chiu cat tong thé
ctia cau kién bé téng cét thanh FRP thap hon cau kién bé tong cét thép thuong [9].

Theo maot sb tai liéu [11, 12], cuong do bé tong (f'c), chiéu dai nhip cit (a), Chleu cao hiru
hiéu (d), ty 18 cdt thép doc (ph), va chiéu rong mit cat dam (bw) la céc thdng sb quan trong
anh huong dén strc khang cat caa dam bé tong cét thanh FRP khong co cot thép dai. Cho den
nay, nhiéu phuong trinh thiét ké khac nhau da dwoc phét trién dé xac dinh do bén cét cia ciu
kién bé tdng cét thanh FRP chiu udn khong cé cét thép dai [8], [13-15]. Tuy nhién, do chinh
X4c cua ching duong nhu bi han ché do cac phwong trinh nay dugc phat trién theo kinh
nghiém bang céach sir dung céc dang xac dinh trude va vai dir liéu thir nghiém chu yéu duoc
tao ra cho mot s6 luong han ché céc théng s6 ¢ anh huong. Do d6, kha ning 4p dung cac
phuong trinh ndy cho viéc thiét ké sé thiéu tinh tong quét [14]. Vi vay, can phai phat trién mot
mo hinh du bao siic khang cit co tinh téng quat dé phan anh chinh xac anh huong cua cac
thong s6 quan trong dén dam bé tong cbt thanh FRP khong c6 cbt thép dai.

Trong nhiing thap ky gan day, tri tué nhan tao (Al) hoac may hoc (machine learning —
ML) dang dan trg nén phd bién va duoc 4p dung trong cac linh vuc ky thuat [16-18]. Mang
no-ron nhan tao (artificial neural network — ANN), mot thuat toan ML ndi tiéng, da dugc sir
dung va tng dung rong rai trong ky thuat xay dung. bac diém chinh cua ANN la kha ning
phén loai dir liéu va xac dinh moi quan h¢ gitra c4c gia tri dau vao (trong nghlen cau nay la
cac tham s6 anh huong dén stc khang cit) va két qua caa ching (sic khang cit). Tinh ning
nay cho phép ANN khéi quat anh huong cua tung thdng s 1én sic khang cit, ngay ca khi
phan 16n di liéu duoc tao ra véi muc dich xac dinh anh hudong cia mot sé lwong han ché cac
thong s6. ANN khong yéu cau mot dang phwong trinh xac dinh trudc nhu trong truong hop
ctia cac phuong phap tiép can thuc nghiém. Chinh vi vay, nghién ctu ndy ap dung va phat
trién mo hinh ANN dé du doan stc khang cit cua cau kién bé tdng cét thanh FRP chiu uén
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khéng co ¢t thép dai. Dong thoi, cac thong s6 anh huéng chinh dén sic khang cat duoc xem
xét va phan tich sau khi qué trinh xay dung mo hinh ANN duoc hoan thanh.

2. MO HINH DU BAO VA CO SO DU LIEU

2.1. Mang than kinh nhén tao (ANN)

Mang no-ron nhan tao (ANN) Ia mét md hinh - thuat todn xa ly théng tin dua trén hé
théng no-ron sinh hoc, duoc xay dung trén co sé nhiéu yéu té (goi 1a no-ron) két ndi véi nhau
thong qua céc lién két (goi 1a trong s6 lién két). ANN duoc thiét ké dé giai quyét mot van dé
cu thé, vi du, van dé phan loai hoic hdi quy, nhan dang mau, _thdng qua qua trinh hoc hoi tur
dir liu dao tao. NOi chung, d6 1a qua trinh diéu chinh trong s6 gilra cac no-ron dé gia trj ham
13i 12 nho nhat. Ham 16 & day duoc hiéu 1a sai s6 gitra gia tri dau ra caa ANN va gia tri thuc
nghiém. Cau triic co ban ctia ANN thudng bao gom cac no-ron duoc nhom lai thanh céc 16p
dir liéu dau vao, dir liéu dau ra va mot hoac nhiéu I16p an. Dua trén phuong phap lién két,
ANN c6 thé dugc phan thanh hai loai chinh: mang no-ron tuan hoan (RNN) va mang no-ron
truyén thang (FNN). Pac biét, FNN 1a mot trong nhiing dang co ban nhat cia mang no-ron
nhan tao va duoc str dung thanh cong trong nhiéu tng dung [18, 19]. Trong mang FNN, dir
liéu duoc xu ly theo mot hudng, c6 nghia 1a dix lieu tir lop dau vao s& chi duoc chuyen qua
cac 1op an dé tinh todn va két qua tinh toan s& dugc chuyén tiép qua I6p dau ra dé tao ra dir
liu dau ra. Qua trinh diéu chinh trong sé d& mang biét méi quan hé gitta dau vao va dau ra
mong mubn duoc goi 1a hoc tap hoic dao tao. Trong sb cac thuat toan dao tao mang FNN,
thuat toan One-step secant la mot trong sé nhiing céng cu phd bién dugc sir dung dé diéu
chinh trong s6 va do léch cua timg no-ron trong mang.

2.2. Thuat toan One-step secant (OSS)

Phuong phéap OSS 1a mot thuat toan duoc tao ra nhim cin d6i wu — nhuoc diém gita
thuat toan gradient lién hgp va thuat todn quasi-Newton. Thuat toan nay khong luu trir ma tran
Hessian hoan chinh ma gia dinh rang tai mdi lan 1ap, ma tran Hessian truéc d6 12 ma tran xac
dinh. Diéu nay c6 loi thé bd sung 1a huéng tim kiém méi co thé duogc tinh toan ma khéng can
tinh toan nghich dao ma tran. Thuat toan c6 thé huan luyén bat ky mang nao néu trong s6, dau
vao va cac ham truyen cua nd co ton tai dao ham. Lan truyén nguoc dugc su dung dé tinh
toan cac dan xuat cua hiéu suat ddi voi cac vecto trong lugng va trong sé6 M. Mdi vecto M;
dugc diéu chinh theo cong thirc (1) nhu trong thuat toan gradient lién hop:

M=M+a(dM) (1)

trong d6 dM 1a huéng tim kiém véi a la tham s dwoc chon dé giam thiéu hiéu suat doc
theo hudng tim kiém. Chirc nang tim kiém dong dugc st dung dé xac dinh vi tri diém cuc
tiéu. Hudng tim kiém dau tién 12 pha dinh cua gradient hiéu suat. Trong céc lan lap tiép theo,
hudng tim kiém dugc tinh tir gradient mai va su thay déi trong sé va gradient tir 1an lap trudc
theo cong thuc (2):

dM =-gM + Ac(M,,, )+Bc(dgM ) 2)
trong d6 gM 1a gradient, Mstep 12 Sur thay d6i trong s6 cua lan lap trude, dgM 1a su thay doi

gradient tir 1an Iap cudi cung, trong khi Ac va Bc 1a tich vo hudng cua té hop gM, Mstep Va
dgM.
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2.3. Panh gia kha ning du bdo cia mé hinh

Trong nghién ciu ndy, ba tiéu chi thong ké duoc sir dung dé danh gia do chinh xac cua
mo hinh ANN-OSS dé xuit, d6 1a hé sb twong quan (R), sai sb toan phwong trung binh gdc
(RMSE) va sai s6 tuyet dbi trung binh (MAE). Tiéu chi R dugc str dung rong rai trong cac bai
toan hdi quy [20] dé wdc tinh médi tuong quan giita thue té va két qua du doan. Gia tri cua R
nam trong khoang [-1; 1]. Bén canh d6, RMSE va MAE do mirc d¢ sai s6 trung binh gitra két
qua dau ra thuc té va du doan [21]. V& mit dinh luong, gia tri RMSE va MAE cang gan 0 va
gia tri tuyét ddi cua R cang gan 1 thi thé hién do chinh xac cang cao cia mé hinh hoc may.
Céc gié tri nay duoc biéu thi bang cac phuong trinh sau:

20 (%o - qo)(qu -4

: )
\/E -1 q0, qo —l(qt,i _qt)
n 2 4
RMSE = \/—g(qai _qt,i) ¥
MAE == gy, -, ©
ni=t '

trong do6: n 1a sb lugng bo dit liu, go va G, 1a gia tri thi nghiém thyc té va gia tri thi
nghiém thyc té trung binh, g va q, la gia tri duy doan va gia tri dy doan trung binh, dugc tinh
theo m6 hinh du béo.
2.4. Co s dir lidu

Pé xay dung mot md hinh du béo stc khang cat cia dam bé téng cot thanh FRP khdng ¢
cbt dai, co so dir lidu dugc st dung gom 104 dam duoc gia ¢d bang thanh FRP khéng c6 cét
dai cong bd trong tai liéu [22]. Cac tiéu chi dé thu thap dir liéu caa mau dam duoc xét nhu
sau: (1) mat cit ngang hinh chix nhat; (2) ty 1¢ a/d >2.5 (v6i a la chiéu dai nhip cat va d Ia
chiéu cao hiru hiéu); (3) duoc thi nghiém cit dudi tai trong tap trung dit tai 1 hodc 2 diém doi
xang trén dam. Cac mau dam nay bao gom 2 mau duogc gia ¢ bang thanh FRP aramid, 42
mau duoc gia ¢6 bang thanh FRP céac bon va 60 mau duoc gia ¢ bang thanh FRP thuy tinh.
T4t ca cac mau déu khong co cbt thép dai. Co so dir liéu nay bao gdm cac thong s khac nhau
anh huéng dén cuong do cat cua dam bé tong cét thanh FRP khdng c6 cot dai, bao gom chiéu
dai nhip cit (a), chiéu cao 6 higu (d), cuong do nén cua bé tong (f'c), chiéu rong mat cit dam
(bw), ty 1€ thanh FRP (pr) va mo dun dan hoi caa thanh FRP (Ef). Pham vi bién thién caa tng
thong s6 va stc khang cit twong Gng ctia dam duoc tong két trong bang 1. Bé minh hoa, biéu
d6 cua cac thong sé dau vao tuong tmg duoc trinh bay trong hinh 1. So d6 thi nghiém dam
duoc minh hoa trén hinh 2.

Bang 1. Phan tich thong ké cia co so dit liéu.

Thong s6 Ky hiéu Pon vi Vai tro Min Max
Cuong do nén cua bé tong . MPa bau vao 24,1 81,4
Chiéu rong mit cat dam bw mm bau vao 89 1000
Chiéu cao c6 hiéu d mm Dau vao 141 360
Chiéu dai nhip cat a mm bau vao 600 1219.2
Ty Ié thanh FRP Dt % Pau vao 0,33 3,02
EAFg)Pdun dan hoi caa thanh Ef GPa DAU vio 39 145
Stic khang cit ciia dam V kN Pau ra 8,8 190
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Hinh 1. Biéu do cua cac thong 6 dau vao: (a) cuong do nén ciia bé tang; (b) chiéu rong mat cat dam;
(c) chiéu cao hiru hiéu; (d) chicu dai nhip cat; () ty 1é thanh FRP); (f) m6 dun dan hoi cua thanh FRP.
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| | A | b
h d
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L

Hinh 2. So @6 minh hoa thi nghiém dam bé téng cét thép FRP khéng c6 cot dai.
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Bo dir lieu sir dung cho nghién ctru nay duoc chia ngau nhién thanh hai bo dir liéu con
bao gém: phan thi nhat (70% sb liéu) dung dé huan luyén mang ANN, duoc goi 1a phan huén
luyén. Phan thir hai (30% sb liéu con lai) dung dé kiém chang mé hinh, s& duoc goi tit 1a
phan kiém chang. Véi cach chia trén, bo di liéu gdm 104 sb liéu s& cd 73 s6 lidu dung dé
huan luyén va 31 sé liéu dung dé danh gia kha ning du béo cua mang ANN. Ban chét cua
viéc tach 70% dir liéu cho viéc huan luyén mang ANN la dé tach biét phan kiém ching va
huan luyén. Nghia 1a dir liéu cia phan kiém ching (30%) hoan toan khong dugc md hinh
ANN biét dén trude d6. Chinh vi vay, nang luc dy bdo cia md hinh ANN c6 thé duoc danh
gid mot cach khéach quan va chinh xac nhét thdng qua phan kiém ching. C6 thé so sanh diéu
nay véi viéc du bao ham muc tiéu cua cac thi nghiém tiép theo (30% dit liéu chua duoc md
hinh hoc) dua trén céc két qua thi nghiém da c6 sin trude do (70% dit liéu da dwoc mé hinh
hoc). Bdi véi cac bai toan du bao ndi chung, ning luc dy bao ciia md hinh 1a quan trong nhat.
Chinh vi vay, cac két qua ¢ nhitng phan tiép theo chi tap trung vao nhiing chi tiéu déanh gia
cho phan kiém chitng mé hinh.

Bén canh d6, mot phan tich trong quan giira cac thdng sé dau vao va dau ra duoc thyuc
hién va thé hién trong hinh 3. Hinh 3 dugc tao ra dé tim mdi twong quan thdng ké tuyén tinh
giira cac théng sb trong co so dir liéu. Do d6, mot ma tran 7 x 7 da duoc thiét 1ap, trong do
phan tam giac trén biéu thi gia tri ciia hé s6 twong quan, trong khi phan tam giac dudi hién thi
biéu d6 phan tan gita hai bién lién quan. Puong chéo caa ma tran chi ra tén cua théng sé. Gia
trj t6i da cua hé sé twong quan (R) so vai V dugc tinh bang 0,79 (dbi vai bién by), theo sau 1a
0,49 (dbi vai bién a ), 0,329 (dbi vai bién d), 0,31 (ddi véi bién ps), 0,17 (dbi vai bién f. ') va
0,03 (d6i véi bién Ey).

fc -0.22 -0.24 0.06 0.03 0.21 ‘ -0.17
- b, -0.17 0.29 0.13 -0.16 0.79
w T
tes E d 0.45 0.24 018 | 0.32
-4 - (0 ]
};.f 1oE ‘ [ o a 0.16 0.1 0.49
< . ., St i
L ¥ [ R Ps -0.45 0.31
i b F£0 g i B
a s = : T e
L | E, -0.03
=i - g = s e o s S |
b { - . i o7 it . H
< : - : Con 13 .
A 1 t . 1] ; PP - H
S S BT A T R

Hinh 3. Phan tich tuong quan giita cudng do nén cua bé téng (°c), chidu rong mat cit dam (bw),
chieu cao co hi¢u (d), chieu dai nhip cat (a), ham lugng thanh FRP (pr), m6 dun dan hoi cua thanh FRP
(Es) va strc khang cat caa dam (V).
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3. KET QUA VA THAO LUAN

3.1. Nghién ciru xac dinh t6i wu

Trong phan nay sé trinh bay ciu trac mo hinh dé xuat va tdi uu hoa cac thong sb trong sb
va do léch cua FNN bing k§ thuat OSS. Viéc chon sb luong 16p an va cic no-ron trong mdi
16p 12 mot bude dua trén kinh nghiém. M6t vai thir nghiém 1a can thiét dé tim ra cau hinh tét
nhat cho mang [23]. Trong nghién ciu nay, cac md hinh FNN chira mét, hai va ba 16p 4n
duoc phan tich va thtr 1an luot. S6 lugng noron trong moi 16p an duoc thay dbi tir 1 thanh 20.
Tuong tng véi mdi cu tric mang, cac bude huin luyén mang duoc thuc hién. Vé ban chit,
huan luyén mang 1a qua trinh diéu chinh trong sé lién két. Céc gia tri trong sé lién két nay s&
dugc lay ngau nhién khi bat dau xay dung mang, sau d6 thuat toan mang sé diéu chinh cac gia
tri trén trong qué trinh huan luyén mang. Véi nghién ciu nay, mé hinh FNN véi ba 16p an
cudi cing da duoc chon, va s6 no-ron trong mdi lép tuong ung lan luot 13 8; 6 va 4 no-ron
duoc tim thay 1a con s tét nhat. Cau trdc mang FNN-OSS dugc minh hoa trong hinh 4.

Hidden 1 Hidden 2 Hidden 3 Output
Input Ol.l't_put
Pl | ®HT | pPET | ePET
6 1
8 6 4 1

Hinh 4. C4u tric mang FNN-OSS.

Qua trinh téi wu hoa cho tap dir lidu dao tao va kiém ching dugc danh gia bang tiéu chi
sai s6 toan phuong trung binh (Mean squared error - MSE) va dugc thé hién trén hinh 5. Quan
st thay rang c6 su tién trién tét caia MSE cho tap dit liéu dao tao. N6i cach khac, khong co
thay d6i dot ngot nao trong qué trinh téi wu héa. Cudi cing, su 13p lai téi wu di duoc quan sét
& 250 lan lap, trong do6 sai s6 MSE cho tap dir liéu kiém ching va dao tao 1a tét nhat [24]. Cau
trdc md hinh cudi cung da duoc sir dung dé phan tich hiéu suét trong cac phan tiép theo.

Pao tao
o —Kiém chirng |
L T e Gia tri tét nhat
w
)
=
“Q
w
= 102
)
&
T | ' ' ' :
0 50 100 150 200 250

S6 1an ldp caa thuat toan lan truyén

Hinh 5. Panh gia tiéu chi MSE trrong qua trinh ti wu hoa.
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3.2. Panh gia kha ning du bdo cia mé hinh FNN-OSS

Trong phan nay, hiéu qua cua mé hinh FNN-OSS véi ciu tric [6-8-6-4-1] duoc danh gia.
Sy so sanh giita gia tri sic khang cit thuc té voi gid tri sac khang cat dy doan bang md hinh
FNN-OSS duoc thé hién bang biéu d6 hdi quy trong hinh 6. Hinh 6a biéu dién su so séanh cho
c4c tap dit liéu dao tao, hinh 6b biéu dién cho tap dir liéu kiém ching va hinh 6¢ biéu dién cho
toan bo dir liéu. C6 thé nhan thay rang kha ning du bao caa md hinh FNN-OSS 14 kha cao.
Két qua twong quan tuong Gng la R = 0,9963, R = 0,9732 cho tap dit liéu dao tao va tap di
lieu kiém chimg. Déi voi toan b dir liéu, gia tri R 12 0,9865.

200 T (a) T 200 T (b)

-
[3,]
[=]

M6 phong V (kN)
S
o

M6 phong V (kN)
>
o

[3,]
o

¢ Dir liéu dao tao
—Twong quan R = 0.9963

¢ Dirlidu kidm chirng
—Twong quan R = 0.9732

0 ! 0 !
0 50 100 150 200 0 50 100 150 200
Thi nghiém V (kN) Thi nghiém V (kN)
c
200 ()

-
[2.]
[=]
<
<
&
e,
<
<

Mo phong V (kN)
S
(=]

¢ Toan bd dir liéu
—Twong quan R = 0.9865

0 50 100 150 200
Thi nghiém V (kN)

Hinh 6. Biéu d6 hoi quy so sanh giira gid trj thuc té va gia tri du doan bang mo hinh FNN - OSS (a)
Tap dit liéu dao tao; (b) Tap dir liéu kiem ching; (c) Toan bo dir liéu.

Bén canh d6, méi twong quan tdt giira gia tri stc khang cat du doan va gia tri thuc té
duoc xac nhan bang biéu dd ham mat do xac suat sai s6. Hinh 7a biéu dién ham mat d6 xéac
Suat gia tri cac sai sb cho dit liéu dao tao, trong khi hinh 7b biéu dién cho di liéu kiém ching.
Trong dir ligu dao tao, mot sé it sai s6 dwoc tim thy trong khoang [-12; 13] (kN). Trong dir
ligu klem ching, sai s6 cao hon mot chit véi sai s6 trong pham vi [-45; 48] (kN). Tuy nhién,
cac sai 6 phan I6n tap trung ¢ gid tri O cho ca tap dir liéu dao tao va kiém ching. Nhimg sai
s6 nay cho thay kha ning du doan caa mé hinh FNN-OSS dé xuét 1a tot véi sai s6 thap nhat.
Sai s tuyét d6i trung binh MAE cua cac tap dit liéu dao tao, kiém ching duge wéc tinh 1an
luot 14 2,5837 va 8,8089. Ngoai ra, cac gia tri sai s trung binh gbc RMSE lan luot 13 3,5625
va 12,1796 cho cac tap dit liéu dao tao va kiém ching.
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Hinh 7. Ham mat d6 xac suat sai s6 cho () tap dit liéu dao tao, (b) tap dix liéu kiém ching.
3.3. Y nghia ciia cic bién diu vao

Gia tri s6 suc khang cat cua dam dy doan theo mo hinh FNN-OSS va mdi bién dau vao
duoc chon c6 méi quan hé phu thudc véi nhau, duoc uéc tinh hiéu qua bang Biéu db phu
thuoc mot phan (Partial dependence plots - PDP). PDP 1 k§ thuat truc quan md ta cac moi
quan hé gitra mot hodc nhiéu bién dau vao va cac gié tri du doan caa md hinh hop den. PDP
cho phép xem su thay d6i ctia mot bién dau vao anh huong dén bién muc tiéu nhu thé nao.
Tich phan ciia mdi dudng cong PDP duoc tinh toan va phuc vy nhu mét chi s vé tam quan
trong dé dinh luong mic do anh huéng cia mdi dau vao.

Trong nghién cttu ndy, PDP ciia 6 bién dau vao lay tir cdu tric FNN-OSS da dugc dé xuat
duoc thé hién trong hinh 8. Stir dung mé hinh FNN-OSS, anh huong cua bién dau vao dén stc
khang cit cua dam dugc thuc hién khi tat ca 5 thong sb con lai dugc ¢ dinh.

(a) (b)
150 - ] 150
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= 100 > 1001
-_.______________________._.—-/
50 ] 501
20 10 o 20 0 200 400 600 800 1000
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Hinh 8. Biéu d6 phu thuéc mét phan (PDP) cua cac bién dau vao sir dung trong nghién ctu nay.

Anh hudng ciia cudong do nén cua bé tong dén suc khang cat caa dam bé tdng cdt thanh
FRP khong c6 ¢t thép dai duoc thé hién trén hinh 8a. Theo quan sat, khi cudng do nén cua bé
tong tang trong pham vi [24,1;50] MPa thi stc khang cit cua dam c6 sy giam nhe. Diéu nhan
dinh nay phd hop véi phuong phap thiét ké chiu cat duoc cung cap boi ACI 440.1R-03 [25].
Truong hop cudong do nén cua bé tdng trong khoang [50; 81,4] MPa thi suc khang cit cua
dam ting trong khoang [45;62] kN. Nhén xét nay hoan toan phu hop véi két qua thi nghiém
dugc tim thay trong tai liéu [22]. Cuong d6 nén cua bé tong 1am thay ddi 17.2% stc khang cat
cia dam. Gi4 tri nay duoc tinh bang khoang céch gitra hai diém cuc tri chia cho gia tri cuc
tiéu cua stc khang cat.

Hinh 8b biéu dién duong cong PDP cua bién chiéu rong mat cat dim. Pudng cong nay
cho thay chiéu rong caa mat cit dam c6 anh huong tich cuc dén suc khang cit caa dam. Khi
chiéu rong mat cit dam thay doi trong pham vi nghién ctru thi sc khang cét cua dam thay doi
manh trong khoang [45;190] kN. Nghién ctru cua El-sayed va cong su [26] dua ra két qua
tuong dong véi két qua cua nghién cau nay. Theo két qua phan tich, chiéu rong mat cat dam
khi thay d6i da gia tang stc khang cit ciia dam téi 410%.

Chiéu sau c6 hiéu cua dam ciing 1a mot yéu t anh huong tich cuc dén stc khang cit cua
dam. Pidu nay duoc thé hién boi duong cong PDP trén hinh 8c. Mot s6 mé hinh dwoc dé xuat
trong cac nghién ctu [25-28] cling dua ra nhan dinh nhu vay. Nguoc lai, theo quan sét, chiéu
dai nhip cat lai 12 yéu t6 anh huong tiéu cuc dén stc khang cat cua dam (hinh 8d). Khi chiéu
dai nhip cit tang, suc khang cit cua dam giam tir 80 kN xudng 50 kN. Két qua thi nghiém dé
cap trong tai liéu [22] cung khang dinh nhan dinh trong nghién cttu nay. Theo két qua phan
tich trén day, chiéu sau co hiéu cta dam va chiéu dai nhip cat gay thay doi sic khang cat cua
dam lan luot 12 268% la -55.5%.

Hinh 8e va hinh 8f m6 ta anh huong cua ty I¢ thanh FRP va mé dun dan hdi caa thanh
FRP. Theo dudng biéu didn PDP, hai bién nay déu c6 anh huéng tich cuc dén suc khang cit
ctiia dam bé tong cdt thanh FRP khong c6 cbt thép dai. Trong d6, pham vi thay ddi sic khang
cit cua dam theo ty 1€ thanh FRP nhinh hon so véi sy thay ddi theo md dun dan hoi. Pham vi
thay d6i cua stc khang cét theo hai bién nay trong pham vi nghién ctu nay lan luot ting trong
khoang [48;90] kN va [50,5; 88] kN. Nhan xét nay phu hop véi két qua dua ra trong tai liéu
[22]. Theo két qua trén, ty 18 va mo dun dan hdi cua thanh FRP gay thay doi sic khang cit
cta dam lan luot 12 105.6% la 56.9%.

Qua phan tich theo PDP, mét s6 thong sé c6 anh huong tich cuc dén sic khang cat cua
dam duoc xac nhan nhu chiéu rong mat cat dam, chiéu cao cé hiéu, ty I¢ thanh FRP va mo
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dun dan hoi cua thanh FRP. Do d6, trong qua trinh thiét ké s0 bg, ngudi Ky su c6 thé dya vao
Cé}c phan tich dinh tinh va dinh lugng trén dé xac dinh cac yéu to hinh’ hoc ciling nhu vat liéu
dé tang kha nang khang cat cho dam bé téng cot thanh FRP khdng cé cot thép dai.

4. KET LUAN

Trong nghién ciru ndy, mo6 hinh FNN-OSS di duogc dé xuat dé dy doan strc khang cit cua
dam bé tong c6t thanh FRP khong co cbt thép dai. Bo dit liéu gdm 104 két qua thi nghiém da
duoc thu thap dé xdy dyng mo hinh. Trong bd dir liéu thu thap, 70% dit liéu duoc chon ngau
nhién cho giai doan dao tao mang FNN-OSS va 30% dit liéu dugc chon cho giai doan kiém
chtrng mé hinh dé xay dung. CAu trac tdi uu [6-8-6-4-1] cho md hinh FNN-OSS duoc dé xuét
va viéc danh gid mo hinh duoc thuc hién béng ba tiéu chi théng ké: hé sd tuong quan R, sai $6
tuyét d6i trung binh MAE va sai sd toan phuong trung binh gbc RMSE. Két qua cho thay
FNN-OSS la mot thuét toan hira hen dé dyu doan st khéang cit cia dim bé tong ¢t thanh
FRP khong c6 cot dai, voi cac gia tri 1an lugt 14 0,9963; 3,5625 va 2,5837 cho R, RMSE va
MAE cho tap dit liéu dao tao. Twong tng, voi tap dir liéu kiém ching, cac gia tri cta ba tiéu
chi 14 lugt 14 0,9732; 12,1796 va 8,8089. Bén canh d6, mot phan tich d¢ nhay dugc thuc hién
bang PDP dé danh gia mirc d6 ¥ nghia ctia cac bién dau vao. Két qua cho thdy chiéu rong mat
cit dam, chiéu cao c6 hiéu, ty 1€ thanh FRP va mo6 dun dan hdi cua thanh FRP la nhirng thong
sO ¢6 anh huéng tich cuyc dén stic khang cit ciia dam. Chiéu dai nhip cit 1a bién s6 c6 anh
huong tiéu cuc con cudng do nén cia bé tong khong anh huong qué nhiéu dén gia tri sitrc
khang cat. Két qua cua nghién ciru nay cé thé giup ich cho viéc du doan nhanh chong va
chinh x4c ciing nhu xac dinh duoc ¥ nghia cta cac thong sd dau vao dén sic khang cat caa
dam bé tong c6t thanh FRP khong co6 cot thép dai.

TAI LIEU THAM KHAO

[1] P. Labossiere, K. W. Neale, S. for C. Engineering, Advanced composite materials in bridges and
structures: 1st international conference, Sherbrooke, Québec, Canada, 1992.

[2] A. Nanni, Fibre reinforced plastic (GFRP) reinforcement for concrete structures: properties and
applications, Dev. Civ. Eng, 1993.

[3] A. Nanni, C.W. Dolan, Fibre reinforced plastic reinforcement for concrete structures, Int. Symp.
SP-138, Am. Concr. Inst. (ACI), SP-138, 1993, pp. 977. https://doi.org/10.1016/C2009-0-09136-3

[4] B. Tighiouart, B. Benmokrane, D. Gao, Investigation of bond in concrete member with fibre
reinforced polymer (FRP) bars, Construction and Building Materials, 12 (1998) 453-462.
https://doi.org/10.1016/S0950-0618(98)00027-0

[5] Y.Wang, Q. Hao, J. Ou, Experimental testing of fiber reinforced polymer - concrete composite beam,
Advanced materials research, 168-170 (2010) 549-552. https://doi.org/10.4028/ www.scientific.net/ AMR.168-
170.549

[6] ACI 440.1R-15, Guide for the Design and Construction of Structural Concrete Reinforced with
Firber-Reinforced Polymer (FRP) Bars, 2015.

[7] E. Shehata, R. Morphy, S. Rizkalla, Fibre reinforced polymer shear reinforcement for concrete
members: Behaviour and design guidelines, Canadian Journal of Civil Engineering, 27 (2011) 859-
872. https://doi.org/10.1139/cjce-27-5-859

[8] D. H. Deitz, I. Harik, H. Gesund, One-Way Slabs Reinforced with Glass Fiber Reinforced
Polymer Reinforcing Bars, Materials Science, 1999.

1058


https://doi.org/10.1016/C2009-0-09136-3
https://www.semanticscholar.org/author/D.-H.-Deitz/95159323
https://www.semanticscholar.org/author/I.-Harik/2708464
https://www.semanticscholar.org/author/H.-Gesund/96437788

Transport and Communications Science Journal, Vol 71, Issue 9 (12/2020), 1047-1060

[9] T. Zhang, D. J. Oehlers, P. Visintin, Shear Strength of FRP RC Beams and One-Way Slabs without
Stirrups, Journal of Composites for Construction, 18 (2014) 1-36. https://doi.org/10.1061/(ASCE)CC.1943-
5614.0000469

[10] S. Lee, C. Lee, Prediction of shear strength of FRP-reinforced concrete flexural members without
stirrups using artificial neural networks, Engineering Structures, 61 (2014) 99-112.
https://doi.org/10.1016/j.engstruct.2014.01.001

[11] R. Park, T. Paulay, Reinforced Concrete Structures, John Wiley & Sons, 1975.
https://doi.org/10.1002/9780470172834

[12] ASCE-ACI.445, Recent approaches to shear design of structural concrete, Journal of Structural
Engineering, 124 (1998) 1375-1417. https://doi.org/10.1061/(ASCE)0733-9445(1998)124:12(1375)

[13] A. K. El-Sayed et al., Shear strength of FRP-reinforced concrete beams without transverse reinforcement, Aci
Structural Journal, 103 (2006) 235-243.

[14] A. G. Razagpur, O. B. lIsgor, Proposed Shear Design Method for FRP-Reinforced Concrete
Members without Stirrups, Structural Journal, 103 (2006) 93-102. https://doi.org/10.14359/15090

[15] F. Matta, P. Mazzoleni, E. Zappa, M. Sutton, Shear strength of FRP reinforced concrete beams
without stirrups: Verfication of fracture mechanics formulation, ACI symposium publication, 2012.

[16] H. Q. Nguyen et al., Optimization of artificial intelligence system by evolutionary algorithm for
prediction of axial capacity of rectangular concrete filled steel tubes under compression, Materials, 13
(2020) 1205. https://doi.org/10.3390/MA13051205

[17] Nguyén Thily Anh, Ly Hai Béng, Phuong phép du doén tii trong on dinh dan hoi cia dam thép
ban bung khoét 16 tron dua trén may vec-to ho trg, Tap chi Khoa hoc Giao théng van tai, 71 (2020)
500-513. https://doi.org/10.25073/tcsj.71.5.4

[18] Ly Hai Bang, Nguyen Thuy Anh, Nghién ctru du bao suc chiu tai t6i han cua cau kién cot 6ng
thép nhoi bé tong co tiét dién hinh chix nhat bang mang no ron nhén tao, Tap chi Khoa hoc Giao théng
van tai, 71 (2020) 154-166. https://doi.org/ 10.25073/tcsj.71.2.10

[19] Q. H. Nguyen et al., A Novel Hybrid Model Based on a Feedforward Neural Network and One
Step Secant Algorithm for Prediction of Load-Bearing Capacity of Rectangular Concrete-Filled Steel
Tube Columns, Molecules, 25 (2020) 3486. https://doi.org/ 10.3390/molecules25153486

[20] S. Menard, Coefficients of Determination for Multiple Logistic Regression Analysis, American
Statistical Association, 54 (2000) 17-24. https://doi.org/ 10.1080/00031305.2000.10474502

[21] C. Willmott, K. Matsuura, Advantages of the Mean Absolute Error (MAE) over the Root Mean
Square Error (RMSE) in Assessing Average Model Performance, Climatic Research, 30 (2005) 79-82.
https://doi.org/10.3354/cr030079

[22] M. A. Chowdhury, M. M. Islam, Shear Strength Prediction of FRP-reinforced Concrete Beams: A
State-of the- Art Review of Available Models, Journal of Civil and Environmental Engineering, 5
(2015) 1-10. http://dx.doi.org/10.4172/2165-784X.1000186

[23] P. B. Cachim, Using artificial neural networks for calculation of temperatures in timber under fire loading,
Construction and Building Materials, 25 (2011) 4175-4180. https://doi.org/10.1016/j.conbuildmat.2011.04.054

[24] E. Defernez, M. Kemsley, Avoiding overfitting in the analysis of high-dimensional data with
artificial neural networks (ANNS), Analyst, 124 (1999) 1675-1681. http://dx.doi.org/10.1039/A905556H

[25] ACI440.1R-03: Guide for the Design and Construction of Concrete Reinforced with FRP Bars,
2003.

[26] A. K. El-Sayed, E. F. El-Salakawy, B. Benmokrane, Shear strength of concrete beams reinforced
with FRP bars: Design method, Symposium Paper, 230 (2005) 955-974.

1059


https://ascelibrary.org/author/Zhang%2C+T
https://ascelibrary.org/author/Oehlers%2C+D+J
https://ascelibrary.org/author/Visintin%2C+P
https://doi.org/10.1061/(ASCE)0733-9445(1998)124:12(1375)

Tap chi Khoa hoc Giao théng van tai, Tap 71, S 9 (12/2020), 1047-1060

[27] M. Nehdi, H. EI-Chabib, A. M. Said, Proposed Shear Design Equations for FRP-Reinforced
Concrete Beams Based on Genetic Algorithms Approach, Journal of Materials in Civil Engineering,
19 (2007) 1033-1042. https://doi.org/10.1061/(ASCE)0899-1561(2007)19:12(1033)

[28] A. K. Tureyen, R. J. Frosch, Shear Tests of FRP-Reinforced Concrete Beams without Stirrups, ACI Structure
Journal, 99 (2002) 427-434. https.//www.researchgate.net/publication/282061375 Shear_tests of FRP-
reinforced concrete_beams_without_stirrups

1060



