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ABSTRACT

The material and struciural duciility of presmessed concreie at extremely low teraperaiure is
investigated, and the findings of the siudy insure 2 safe enginesring practice of PCLNG tank, A
drafi of the engineering guideline for PCLING iank is developed.

1 INTRODUCTION

LNG, liquefied natural gas, is one of the most important energy sources for Japan, The storage
and operation of LNG require a particular aitention 20 LNG’s exiremely low temperature,
-164°C, For the natural gas supply in local cities by small gas companies, a new coneept of
LNG siorage, PCLNG tank, is introduced and sindied by MITT, The Commitiee on Technical
Imvestigaiion of PCLNG Tark is formed at The Center for Promotion of Natmral Gas(CPNG)
or: behalf of MITT,

To insure the safety and reliability of PCLNG tank, the sxiensive and overail enginesring
studies on design, analysis, construciion, quality contral, material, operation, and safety, ave
carried out by the Commiitee. Amang the siudy topics, a particular emphasis is given to the
eveluaiion of strwctural ductility and provides solution for liguid-tighiness for the proposed
prestressed concrets tank, This paper deals with 2 new development in she ductility and pro-
vides sofution for lignid-tightness problems at extremely low temperature dowa to -164°C,
whtich are incorporated in the engineering guideline drafted by the commitiee{(CPNG 1989,
1990).

2 CONCEPT OF PRESTRESSED CONCREETE LNG TANK

The PCLNG tank consists of an inner tank made of 9% nickel steel and an ouier container
made of presiressed concreie. The self-supporting inner tank holds -164°C liguid as a primary
barrier and is protected by insulation layers that conirol heat mransfer.

As shown in Figs. 1 & 2 the outer container is composed of a concreie base slab, a concreie
side wall and a concrete or steel domed roof. The inner face of the concreie container is double-
covered with 2 sieel liner and a thin insulation layer, The liner should be gas tight to purge
oxygen as well as moisture from the space of insulation structure. The insulation attached to the
interior of the concrete container, moderates thermal shock or an exireme teraperature gradient
developing in the concrete in case of liquid spill. To protect the foundation from freezing, a
heating system is utilized for the model of the concrete foundation.

The structural joint of the side wall and the bottom slab is required 1o be monolithic in order
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to keep the joint liguid tight and aseismic. For the same reasan the prestressing tendon of grou-
ting type is selected to improve a liquid-tighiness.
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Fig.l Concept of PCLNG Tank Fig.2 Deiails of PCLNG Tank

3 SAFETY REQUIREMENTS OF PRESTRESSED CONCRETE FOR LNG APPLICATION

Ag a secondary barrier of LNG storage system, the prestressed concreie(pe) coniainer is re-
guired to hold liguefied natural gas for a certain period if the liquid spill accidentally occurs
from the inner tank. On such exireme loading condition, the structural stability and perform-
ance of the pe container should be czrefully examined to insure iis reliability as a second barri-
er, i.2. material and structural ductility, and liquid-tighiness of the pe structure against the
spilled LNG.

The draft guideline adopts the limit stale design method for concreie siructure. The method
defines the structural requirements of pe container. Most immportant and unique limit staies (o
the design concepi are zs icllows:

LIQUID-TIGHTNESS LIMIT(after liguid spill) ---- The reliability of pe structure as a con-
tainer depends on the liquid-tighiness of presiressed concreie structure. Due to lack of rational
criteria 1o evaluate the structural behavior of pe siructure, it is essential to carry out a velevani
experimentzl and analytical sindy on the struciural damage caused by concrefe cracks on the
sccasion of LNG spill. Based on such engineering findings, the design guideline should be
discussed.

ULTIMATE STRENGTH LIMIT(structural failure} --- Safety of the concraie structure
against the structural fallure observed in loading condifions under earthgquake,storm,pressure-
and hydraulic-tesis and liquid spill should be confirmed. Since low temperature like that of
LNG tends te cause maisrials brittle, the sirength as well as deformability of materials and
structural members of the outer tank particularly strain level beyond ithe yielding should be
carefully examined.

4 DUCTILITY OF PRESTRESSING BAR AND STRAND

The mechanical properties, in tevms of clongation and reduciion of cross-seciional area at
necking, of pregiressing bar and strand are summarized in Figs. 3 & 4, which are obtained from
tensile tests to failure. The failure mode of the sirand specimen is duciile even at -164°C, while
ike failure of bar specimen tends to be brittle as temperature lowers beyond -100°C. The
clongations of both specimen show similar results that the prestressing bar may be able io apply
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o a design emperature not lower than -100°C,

To investigate a V-noich effect on the presiressing sirand for use in cryogenics condition,
further tensile tests are performed using noiched king wires of 15.2mm 7-wire strand . As
shown in Fig.5 (Rai et.al, 1990), if the notch depth due to the wedge action does not excesd
0.5min, the strand behaves io be ductile. Those iesi resulis assure that the strand s cuctile iill
-164°C.
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Fig.3 Elongation of PC Strand Fig.4 Reduction of Necking Area Fig.5 V-Noich Effect

5 DUCTILITY OF PRESTRESSING ANCHORAGE

The anchorage assembly of typical multi-sirand tendon consisis of wedges, an anchorage block
and a guide block. The anchorage block uses to experience most severe siress conditions, such
a8 a combination of flexural tensile stvess and shear stress. In order to keep overall structure
safe under exireme loading conditions with exceptional low ternperature, the anchorage shall be
designed stable up to the uliimate sirength of the structure.

The specimen taken from the three types of anchorage sysiems are tesied by using Charpy
impact method. Results are shown in Fig. 6. It must be noted that the blocks are mads of alloy
steel containing a certain perceniage of nickel, instead of carbon sicel used for standard engi-
neering pracilce.
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The test resulis are evaluated to determine the applicable design temperature as the criteria.
The energy absorption should be larger than 48Nm. The tate of briitle failure shovld be less
than 50%, and the Lateral expansion should be larger than 0.38 lmm in case that specimen size
is 10mmz8rmmr. The transition iemperatures of the anchorage specimen are -82°C for highesg
and -102°C for lowsst. The design temperaturs of ancherage for PCLNG sank design should be
within the temperature Hmits obtained from these tests.

6 DUCTILITY EVALUATION OF TENDON-ANCHORAGE SYSTEM
6.1 Evaluation Method

The assembly of pe strands and anchorages 2i a design low emperature should be able to retain
up io the ultimate prestressing force with large elongation. Any britile failure and wndesirable
deformation should not be generated in the anchorage. ASME and FIP provide the codes io
evaluate the performance of tendon-anchorage sysiem 2i normal temperaiure. The regulis of
Literature survey indicate that a good engineering praciice with extensive quality assurance
program well meets those existing codes,

For the use of pc assembly af low temperaturs such as LNG storages, few ressarch and/or
experimental worlss are available, particularly in full scale model iesis such as 12T15. Howey-
er, an evaluaiion method of the tendon-anchorage sysiem hes been proposed by FIP(FIP
1982 Rostasy 1986). The Cominitice adopied 2s follows:

LOADING --- The overall assembly installed in a refrigeraicd testing equipment is loaded by
means of preswessing foice eqnivalent to 0.2 of yicld sirengih. Keeping the tensile force con-
stant, the systern is cooled down to 2 tesling tempsraiure and Ioaded ‘en cycles of additional
tensile load in the range of the yield and 0.9 of yield strength. Finally, the load increases on the
terdon sysiem wnill its failure(Fig. 7).

STRENGTH --- The ultimate sirengih of the sendon-anchorage system should exceed the low
temperaturs yield sirengih of endon, The raie of anchorage efficiency is given by the ratio of
the system’s uliimate strength o the tendon’s yield sirengih.

SLONGATION --- The sysiem and anchorage should not £ail or slip before the clongaiion of
the tendon system exceeds the sum of 2% and an elongaiion due o the allowable design pre-
siressing load.

The tesiing program of the full scale iendon-anchorage system is carried ot on three types of
anchorage,namely,Freyssinet, Dywidag and VSL.
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6.2 Tesiing Program

Thae tendon is 12 strands of 15.2mm(type B of JIS). Product classifications of each type are
12V15M(Freyssinet), DW. MALG-12(Dywidag) and BNi6B-12(VSL).

Testing temperatures are room, -100°C and -164°C, The number of specimen are three for
sack temperature, The testing apparatus is specifically designed for this program. The terpera-
ture is controlled by spraying of liquid nitrogen (Fig.8). Since the temperature variation along
the specimen canses a sirength irregularity along the strands, the temperature distribution is
carefully monitored and controlled.

The anchorage is instailed one end of the tendon,while another end is fixed by 2 coupler with
white meial fill, The loading and cooling procedures are illustrated in Fig. 7.

6.3 Low Temperature Duciility of Tendon-Anchorage System

Experimenizl resulis given in Table 1 indicate that the ratio of anchorage efficiency and the
wliimaie strengih of the sysiem (o the yield sirength of the sirand reaches and exceeds 1.00,
which conform o the evaluation criteria. The efficiency ratios are 1.01-1.04 a5 -100°C and
1.00-1.04 gt -164°C. The elongations of the sysiem specimen ai failure are 2.7-4.2% at -100°C
and 2.9-4.0% 2t -164°C. An example of strain-tensile force relationship given in Fig. 9 shows
the tendon-anchorage system exhibits satisfactory plastc sirain beyond the yield.
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The failure mode of each specimen is inspected by analyzing the development of necking. All
specimen well develop necking, and no brittle failure surface is noticed. The ductility require-
ments described above seem to be practical as an engineering guideline.

Strand failure cue to tensile force locates on a particular point, 25-60cm away from nearest
face of the wedge. The distance varies with shape of each anchorage type. As long as a wedge
type anchorage is concerned, it is unavoidable to creaie 2 point of bending on the tendon sirand,
because a duct dimension is changed from the sheath o the anchorage block.



7 DUCTILITY AND LIQUID-TIGHTNESS OF PC STRUCTURAL MEMBER
7.1 Low Temperature Ductility of PC Siructural Member

Ta investigaie the performance of presiressed structure under sivain propagation with high
velocity such as the strain induced by earthguake, the iinpaci loading tesis on P pr esfrresé,ud
peam has been carried owi(Rai et.al. 1990). The ttesvtmg ternperatures are as low as -60, -120
and -164°C. This experimenial study reveals the structural behavior of pc beams under the
irnpact loading. The vlimage load bearing capacity of beam, sither of static or impact, remarka-
bly increases when the testing iemperaturs is lowered.

When the temperature decreases, the energy absorption of the impact loading tends io de-
creasss compared o the static | Ldadhg However, the beam at -164°C under the strain velocity
of 100cm/fsec still retains 70% of the ductility exhibited at the static loading.

Assuming the loading speed to be 100cm/sec eguivalent to the strain speed due 1o earthquake
loading, the pe structvre refrigeraied (o -164°C certainly behaves to be a duciile sirucivre.

7.2 Liguid-Tightness of PC Structural Member
In case of the liguid spill from the inmer tank, the pc outer containment should retain LNG
spiled. An experimenial and malymaﬂ research conducted by Mackawa ci.al, 1991, specifies
relationship between iniiial crack widih and raie of gas/liquid flow. After obaining time history
of leakage phem@m@“m, the aralytical model is developed, and the nurerical & i lation follows
ap the experiment.

The research concludes that if the initial crack of concreie structure is narrower than 0. Lmin,
20 liquid peneirates the crack developed through the structure, Even the crack widih is as wide
as 0.2mm ai the liguid side, no lsakage ocenrs if ihe other side crack is close o neoﬂy Cmm.
Because the analytical model developed in that research simulates ihe leakage phenomenca

through a concreie cracking, the liquid-tighiness of a particular concrete structure can be ana-
Iyzed by compuier codes(Maeskawa st.al.2891).

Laldng into account those findings, the guideline requires the engineering praciice either the
concrete siruciure should keep 2 regidual ¢ compression zone larger than 10cm or, if the maxi-
murn tensile siress of rebar does not exceed 1000kgf/em?, a compression zone may be reduced
to one tenth of the concrete thickness. The guideling also specuﬁeg o provide counter measures
for the prevention of thermal cracking during consiruciion of the PCLNG tank
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