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Creep buckling analysis of PMMA submersible
pressure resistant shells
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Abstract: Polymethyl Methacrylate (PMMA) has become a key material for pressure-resistant shells of full-
view manned submersibles due to its high transparency, light weight and excellent pressure resistance.
However, the viscoelastic creep behavior of PMMA material itself has a significant impact on the long-term
reliability of the structure. Therefore, the creep buckling mechanism of PMMA pressure spherical shells and
their remaining ultimate load carrying capacity were investigated based on the viscoelastic properties of
PMMA. Firstly, the non-linear influence law of stress level and time on the creep behavior of PMMA was
revealed through creep tensile tests. Based on short-term test data, creep curves applicable to different stress
levels were obtained by applying the time-stress equivalence principle while the applicability of the Burgers
model and the modified Burgers model was discussed and analyzed. Subsequently, based on the modified
Burgers model and numerical simulations, the influence of key factors, like initial geometric defects, the
thickness-to-diameter ratio and working depth on the residual ultimate load of spherical shells after different
creep durations was analyzed. The research results can provide certain theoretical basis and data support for
the design, safety assessment and life prediction of full-view PMMA pressure-resistant structures.
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Fig.2 Analysis of meshing convergence Fig.3 Ratio of non-linear buckling load to linear buckling

load for different orders

2 PMMA BkFEAETTJE #4347

2.1 PMMA &35 AR #1E R
RIS ML B () G AR AT R, s AR 7 A 28y 158 B SR AR R 588 8 1Y) 4090~65% . Fir A R T AR 56



1546 FiEAR 32 530 5 9

IURE B ASME-D2990" il TUSARHERELE, ]SFUnEl 4 Bk . #2288 ASME-D2990" #RifE, #E4T 1775
AARTRIZR AT KA AR S . IR AR R R 7 43514 450 N, 500 N, 550 N, 600 N, 650 N Fl 700 N, X )i
I8 S K43 52R 26.18 MPa., 29.22 MPa., 32.14 MPa. 35.06 MPa. 38 MPa. 41.01 MPa, M J17KF
AT T 2 RPLME ARG . Horp, 41508 17K 29.22 MPa 1@ T KR AS MR 2430 76 8 1R 1H 1 4%
PR AT, IR AR HIAE 2551 °C, R B FE 50£5% o IMERBY B LA 50 N/s 1) Jin 2% 2 B FF 4y, 7%
10 s PINERSE R, 153 B AR AT 5 PR FRE e . 7EIRFEIRIR S RS2 28 5000 s A 452 1356, Hfic S4B
V18 5 A8 AN A B, DT T B R 7 4 A A e A 380 194 0 X A A i [ i R e Ry
IR, R 4 R, HHLLELRS <" FRRAEF] 5000 s 564 A b2 W 2

0.09
——26.18 MPa
0.08 } ——29.22 MPa
——32.14 MPa
: 1 0.07 | ——35.06 MPa
- ——38.00 MPa
S 0.06 | ——41.01 MPa
< g (ﬁl ©0.0
X a (e 'ﬂ‘ - £ >
R 3 g/\o/ > ~ Z0.04
o) 0.03 -
5702 2007 ool £
143202 ‘ e e —
183+0.5 0.01 W
0

0 1000 2000 3000 4000 5000
Time t/s

4 AR B i A s il 2k
Fig.4 Tensile specimen and its creep strain curves
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Fig.5 Burgers model parameter fitting results for each stress level



559 1 RAMFE . PMMA /K281 e 7e i 48 8 i 2 Hr 1547

% 1 Burgers IR ERE R /1 TR ESE

Tab.1 Fitting parameters of the Burgers model at different stresses

IRASRE R SR .
NiF) /MPa £ MPa %, MPa ! (MPas) a7 (MPas) LIPS
26.18 3335 9369 4.066x10° 7.454x10 0.9913
29.22 3118 7280 2.972x10° 5.753x10 0.9987
3214 2922 6425 2.604x10° 3.893x10 0.9983
35.06 2632 5900 2.493x10° 2.933x10’ 0.9965
38 2341 4343 1.381x10° 1.819x10’ 0.9973
41.01 2072 100 2.564x10° 8.969x10" 0.9843
29.22 (K:41) 2068 ~1622 4.165x10% 8.969x10” 0.9727
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Fig.6 Parameter fitting results of modified Burgers model
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Tab.2 Fitting parameters of the modified Burgers model

R 7 /MPa ELSE - P
E, /MPa E, /MPa ny/ (MPa-s) A/ (MPas) B/s"
26.18 3193 6991 4.865x10° 2.911x10’ 5.012x10™" 0.9898
29.22 3060 2021 2.542x10° 1.700x10’ 2.759x107" 0.9875
32.14 2927 8462 2.418x10° 1.667x10 2.749x10™* 0.9999
35.06 2635 9550 2.254x10° 1.199x10 2.725%x10°" 0.9998
38.00 2323 6167 1.328%10° 9.273x10° 2.064x107* 0.9997
41.01 2072 5618 1.069x10° 4.753x10° -1.933x10™" 0.9998
29.22 (Ki) 3118 3571 1.229x10° 7.986x10 ~7.549%10°° 0.9913
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Fig.7 Structural stress cloud of spherical shell at 140 m water depth
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Tab.3 Parameter fitting results of the modified Burgers model

LY RIE 2 .
¥ 71 /MPa = - LES
E, IMPa E, /MPa /! (MPa's) A/ (MPa's) B/s
18.221 3766 2398 4.718%10° 1.766x10" -2.988x10"° 0.9863
21.407 3569 2382 2.351x10° 5.097x10° —6.459%x10"° 0.9849
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Fig.8 Deformation cloud of spherical shell during creep buckling
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Fig.9 Creep-buckling displacement-time relationship of PMMA spherical shell
:!: l AR4IAY A - /,
3 ANEBKEETTH AR R IEEZ S
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SRS BT W1 aR TUART I e X5 A7 AL 3¢ 35 1R e A BIR 2847 114 52 i, ztxj‘d%
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Fo Hr BESH 5 mm, BEAREHEIY 0.5 KT, BR7E AR A FR Ml 2.469 MPa, 1111 A 5 IR AS RN
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Tab.4 Residual ultimate loads of spherical shell based on different modal imperfections

SRR RS BR 7 140

WA 8] B BIBE /NG /mm
T, /IR 1 2 3 4 5
0 4.254 3.67 3.265 2.951 2.705
0.5 4.165 (0.979) 3.542 (0.965) 3.106 (0.951) 2.761 (0.936 ) 2.469 (0.913)
1 4.157 (0.977) 3.526 (0.961) 3.084 (0.945) 2.73 (0.925) 2.425 (0.896 )
2 4.138 (0.973) 3.499 (0.953) 3.052 (0.935) 2.688 (0.911) 2.373 (0.877)
4 4.112 (0.967) 3.463 (0.944) 3.009 (0.922) 2.640 (0.895) 2.331 (0.862)
6 4.092 (0.962) 3.442 (0.938) 2.985 (0.914) 2.619 (0.887) 2.312 (0.855)
8 4.085 (0.960) 3.431 (0.935) 2.970 (0.910) 2.608 (0.884) 2.298 (0.850)
10 4.078 (0.959) 3.422 (0.932) 2.962 (0.907) 2.600 (0.881) 2.285 (0.845)
20 4.065 (0.956) 3.409 (0.929) 2.942 (0.901) 2.574 (0.872) 2.220 (0.821)
30 4.061 (0.955) 3.402 (0.927) 2.929 (0.897) 2.552 (0.864) 2.152 (0.796)
40 4.056 (0.953) 3.395 (0.925) 2.916 (0.893) 2.529 (0.857) 2.083 (0.770)
50 4.048 (0.952) 3.388 (0.923) 2.903 (0.889) 2.503 (0.848) 2.015 (0.745)
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Fig.10 Analysis results of modal imperfection impact
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Fig.11 Pressure-maximum equivalent displacement curves at

different creep times
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Tab.5 Residual ultimate loads of spherical shell based on /R

WA

JEAZ L R

T, /R 0.03 0.035 0.04 0.045 0.05
0 2.236 2.894 3.67 4.556 5.349
0.5 2.098 (0.938) 2.769 (0.957) 3.542 (0.965) 4.487 (0.985) 5.290 (0.989 )

1 2.065 (0.924)
2 2.045 (0.915)
4 1.999 (0.894)
6 1.980 (0.886)
3 1.960 (0.877)
10 1.939 (0.867)
20 1.834 (0.820)

2.737 (0.946 )
2.706 (0.935)
2.656 (0.918)
2.636 (0.911)
2.621 (0.906)
2.611 (0.902)
2.589 (0.895)

3.526 (0.961)
3.499 (0.953)
3.463 (0.944)
3.442 (0.938)
3.431 (0.935)
3.422 (0.932)
3.409 (0.929)

4.480 (0.983)
4.467 (0.980)
4.442 (0.975)
4.420 (0.970)
4.412 (0.968)
4.407 (0.967 )
4.394 (0.964)

5.284 (0.988)
5.271 (0.985)
5.254 (0.982)
5.238 (0.979)
5.232 (0.978)
5.228 (0.977)
5.216 (0.975)
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gxRs
W AR B ] JEAZH tR
T, /R 0.03 0.035 0.04 0.045 0.05
30 1.714 (0.766) 2.568 (0.887) 3.402 (0.927) 4.390 (0.964) 5.212 (0.974)
40 1.582 (0.708 ) 2.553 (0.882) 3.395 (0.925) 4.387 (0.963) 5.211 (0.974)
50 1.439 (0.644) 2.537 (0.877) 3.388 (0.923) 4.383 (0.962) 5.210 (0.974)
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Fig.12 Analytical results of the effect of the thickness-to-diameter ratio #/R
MRS FNEN 12 AT LAE Y, BE RS LG R BIBGR, BR5C AR PR T S 30 b TR 34, 302 PR 3R
Bk BAT SR A S A WL, PRIHCRBAE 7K A2 B = B 38T o 53 A1, i 728 i i) ) 2 - S ORI R 28y 1 [, {HL
BEAE AR LG o/R (G0, A5 FRZAT T B BB i/ o 510, WRARINEE] Sy 50 KI5, 5 FhkoE i i BR 2 fi
ORI RE T 35.6%. 12.3%. 7.7%. 3.8% H 2.6%, WSRO B W 55 1A DLBE IR 7 i R 20RE ),
JCHIR AR RERR ST o, RSN A SE A B 25 . ALK A EAR [ (0.05) PR D B[R] A2 5, 4T3
Frism R E e 7, R R A HTER AR RE T o
3.3 TIEREH Mo
AT LI TAEKZR (60 m, 80 m. 100 m, 120 m 1 140 m) i, 5347775 FE) G T i s Je A BLBE
BEERST A i R 25 A BT AR I 7 o X BLEAR LR 0.04, W ERRLASERRA S 2 mm, 875 A B E] (R ) 430k 0.
0.5.1.2.4,6.8,10,20, 30, 40 Fl 50, BERFEHYRIRAL R ANR 6 From. KEH T ks @ L RARIK
* 6 ETARTIERERIKERIRRRETRE (MPa)
Tab.6 Residual ultimate loads of spherical shell based on different working depths

U AR ) i) TAERE H/m

T, /R 60 80 100 120 140
0 3.670

0.5 3.648 (0.995) 3.621 (0.987) 3.542 (0.965) 3.463 (0.944) 3.282 (0.894)
1 3.644 (0.993) 3.614 (0.985) 3.526 (0.961) 3.441 (0.938) 3.228 (0.880)
2 3.636 (0.991) 3.601 (0.981) 3.499 (0.953) 3.402 (0.927) 3.158 (0.860)
4 3.624 (0.987) 3.579 (0.975) 3.463 (0.944) 3.357 (0.915) 3.108 (0.847)
6 3.614 (0.985) 3.566 (0.972) 3.442 (0.938) 3.331 (0.908) 3.082 (0.840)
3 3.608 (0.983) 3.558 (0.969) 3.431 (0.935) 3.321 (0.905) 3.056 (0.833)
10 3.604 (0.982) 3.550 (0.967) 3.422 (0.932) 3.317 (0.904) 3.036 (0.827)
20 3.594 (0.979) 3.535 (0.963) 3.409 (0.929) 3.297 (0.898) 2.931 (0.799)
30 3.592 (0.979) 3.531 (0.962) 3.402 (0.927) 3.278 (0.893) 2.799 (0.762)
40 3.591 (0.978) 3.529 (0.962) 3.395 (0.925) 3.259 (0.888) 2.685 (0.732)
50 3.590 (0.978) 3.528 (0.961) 3.388 (0.923) 3.239 (0.883) 2.544 (0.693)
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Fig.13 Residual ultimate load of spherical shell at different working depths
M
4 45 &
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BFA] 4 14 990 /NEE, I 25 45 2 mm 0 46 JLAT BB AY Bk 5T % I 18] 46 4 & 3176 /N, AR 58 L BRFE Y
21.2%, KAWL B G 2 2 R 558k 7E R e Pk
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