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SUMMARY

This paper summarizes test data on shear load and deformation capabilities for liner plate line an-
chors and structural steel embedments in reinforced and prestressed concrete nuclear containments.

Reinforced and prestressed nuclear containments designed and constructed in the United States
are lined with a minimum of 0.64 cm steel plate. The liner plates are anchored by the use of either
studs or structural members (line anchors) which usually run in the vertical direction. This paper will
only address line anchors.

The major operating loads and effects which produce liner compression in reinforced containments
are concrete shrinkage and restrained thermal growth. These compressive forces can cause unbalanced
loads in the liner plate which result in shear forces in the liner plate anchor. Prestressed containments
introduce additional compressive loading in the liner plate due to prestress and concrete creep. Both
types of containments must also consider loads from environmental (earthquake and wind) and ab-
normal (accident) loads.

Static load versus displacement test data is necessary to assure that the design is adequate for the
maximum loads. In addition, ASME Section III, Division 2 requires that the liner design consider
fatigue. In general, there is only one major thermal load cycle per year resulting from atmospheric
temperature change.

The test program for the liner anchors had the following major objectives:

1. Determine load versus displacement data for a variety of anchors considering structural tees and
small beams with different weld configurations.

2. From the preceding tests, determine which anchors would lead to an economical and extremely
safe design and test these anchors for cyclic loads resulting from thermal fluctuations.

Various concrete embeds in the containment and other structures are subjected to loads such as
pipe rupture which results in shear. Since many of the loads are transient by nature, it is necessary
to know the load-displacement relationship so that the energy absorption can be determined. In ad-
dition, most testing in the past was for round studs with a capacity of about 200 kN and very little
information was available for rectangular embed orientations.

The test program for the embeds had the following objectives:

1. Determine load-displacement relationship for various size anchors from 6.5cm? to 26 cm2 with
maximum capacities of approximately 650 kN.
2. Determine the effect of various anchor width-to-thickness ratios for the same shear area.

The liner anchor tests in both normal concrete and prestressed concrete specimens illustrated very
good ability in resisting cyclic loads. The load range of the applied cyclic load was about 10% of the
ultimate liner anchor capacity. The cyclic load was applied at different load levels ranging from about
20% to 70% of ultimate capacity.

The embed tests showed that the shear anchors are not significantly sensitive to the orientation
relative to loading. The shéar capacity is about 60% of the steel ultimate tensile strength and there
was a slight reduction in this percentage as the anchors increased in size.
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1. Introdgction

This paper summarlizes test data on shear load and deformation capabilities for liner
plate line anchors in reinforced and prestressed concrete contalnments and structural steel
embedments in reinforced concrete.

Reinforced and prestressed nuclear containment structures designed and constructed in the
United States are lined with a minimum of 0.25 inch thick steel plate. The liner plate is
anchored either by studs or structural members (line anchors) which usually run in the
vertical direction.

The major operating conditions which produce liner compression in reinforced containments
are concrete shrinkage and steady-state thermal strain. These compressive forces aan cause
unbalanced loads in the liner plate which result in shear forces acting on the liner plate
anchors. Prestressed containments introduce additional compressive loading in the liner
plate resulting from the prestress forces and concrete creep. Environmental loads (earth-
quake and wind) and abnormal (accident) loads including thermal transients must also be con-
sldered for both the reinforced and prestressed contaimment structures.

Statdic load versus displacement test data are necessary to assure that the design is
adequate for the maximum loads. In addition, Reference 1 requires that the liner design
consider fatigue. In general, the liner will experience only one major thermal load cycle
per year resulting from atmospheric temperature change.

The line anchor test program had the following objectives:

(1) Determine load versus displacement data for a variety of line anchors utilizing
structural tees and small beams with different weld configurations.

(2) Test line anchors under cyclic loads resulting from annual thermal transients.

Steel embedments in the containment and other structures may be subjected to pipe rupture
effects which result in shear. Since these loads are of a transient type, it is necessary to
obtain the static load-displacement relationship so that the energy absorption capacities of
the steel embedments can be determined. The majority of the previous test programs provided
load versus displacement data for round studs with maximum capacities of about 50 kips.

The steel embedment test program had the following objectives:

(1) Determine load versus displacement relationship for square and rectangular steel em-
bedments with a cross-sectional areas of 1.0 inZ to 4.0 in? and maximum capacities of
approximately 150 kips.

(2) Determine the maximum capacities of the steel embedments with varying width-to-thick-
ness ratios and constant cross-sectional area.

2. Specimen Fabrication and Test Set-Up

The test set—up of the line anchor specimens and steel embedment specimens is shown In
Figures 1, 2, and 3. All specimens were symmetrical about the centerline and had two identi-
cal embedded line anchors or steel embedments welded to the attachment plates to simulate the
anchorage of a typical 0.25 inch thick liner plate or shear anchor in a concrete structure.
The line anchor shapes, embedment sizes, attachment plate thickness and wald configurations
are shown in Tables I, II, and III.

The material for the line anchors, attéchment pletes and steel embedments conformed to ASTM
A-36 unless noted otherwise. The line anchors were welded with E6010 electrodes and the em-

bedments were welded with E7016 electrodes. All welding conformed to AWS D.1.1-72.
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The concrete used for the test specimenshad a maximum size aggregate of 1.5 inches and an
average slump of 2.0 inches.

The specimens were cast with the line anchors in the vertical position similar to the
line anchor orientation in a typlcal containment liner plate system. The concrete was vi-
brated in place with an electrical vibrator. To resist the tensile force produced by the
bending moment resulting from the eccentricity between the centerline of the stressing ram
and the attachment plate, two 1.0 inch diameter tie bars were provided, as shown in Figure 1
at about 4.5 dnches below the line anchor or steel embeédment. This force is insignificant
in reinforced or prestressed contaimment structures.

A prestress force of 432 kips was applied to specimens L-5, L-13 and L-14 to simulate
the hoop prestress in a prestressed containment structure. The prestress resulted in a cal-
culated compressive stress of 1500 psi. The arrangement of the prestress system 1is shown in
Figure 1 and consisted of one 3.5 inch thick steel bearing plate at the top and bottom of the
specimen and six 1.5 inch diameter threaded prestressing rods., The 1.5 inch diameter thread-
ed prestressing rods passed through the top and bottom bearing plates and 72 kips prestress
force in each rod was applied by tightening the nuts on the top bearing plate. Each pre-
stressing rod was instrumented with two diametrically opposite electrical strain gages which
were calibrated in a testing machine prior tc tensioning.

3. Consilderation for Cyclic Test Loads for Line Anchors (Specimens L-9 through L~14)

The analytical techniques of Reference 2 were used to determine the transient forces act-
ing on the line anchors.

The cyclic loads were set based on estimates of the annual temperature fluctuations and
the resulting shear loads that the line anchors would experience. Figure 4 shows an annual
(six day average) temperature cycle for a location in North Dakota, U.S.A. The 1nside tem-
perature of the containment structure was assumed to be 120°F and the outside temperature
varied from O°F to about 75°F. Extreme temperature values outside this range have no
noticeable effect on the average wall temperature and would not significantly affect the
liner plate.

Based on the annual temperature cycle shown In Figure 4, one can expect 40 such tempera-
ture cycles during a design 1life of 40 years. Considering a minimum fatigue safety factor of
20 would result in 800 load cycles. The testlng was conservatively based on 1000 load aycles:
Specimens L-9 and L-13 were tested under 2000 load cycles. After completion of the cyclic
load testing, specimens L-9 through L-14 were tested under static load to maximum capacity to
determine the effect of the cyclic loading on the line anchor capacity.

Cyclic loads ranging from a minimum of 1.5 k/in to 3.0 k/in to a maximum of 7.5 k/in to
9.0 kfin were applied to the line anchor specimens L-9 through L-14 to simulate liner plate
stress and strain variations for different contalnments with varying levels of prestress and
amount of concrete creep and shrinkage. Prestress containments have higher liner plate
stress and strain than reinforced contaloments due to the compressive loads produced by the
post-tensioning system and the resulting larger concrete creep.

4. Line Anchor Test Results

The static and cyclic line anchor test results are summarized in Tables I and II and

Flgures 5 and 6. The maximum capacities shown on Tables I and II are not necessarily the

ultimate capacities that the line anchor could resist since testing of specimens L-1 through
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L~3 and L-7 through L-10 was discontinued after excessive ylelding in the 1/4 inch attach-~
ment plate. Line anchor weld failure occurred at the maximum capacity in specimen L-4 at
13.0 kips/in and in specimens L-6, L-11 and L-12 in the range of 9.0 kips/in to 10.0 kips/in.
The apparent reduction in the maximum capacity in specimens L-6, L-11 and L-12 resulted from
the intermittent (6-12) fillet weld. Testing of specimens L«l13 and L<14 was discontinued
after reaching a maximum capacity of 15.0 kips/in and 14.7 kips/in, respectively.

The line anchors in the prestressed specimens L-5, L-=13 and L<l4 exhibited considerably
less line anchor deformation when compared to the plain concrete specimens. Under static
loading, specimens L-1 through L-4 and specimens L-6 through L-8 showed some "soft" anchor
behavior at a line anchor load in the range between 4.0 kips/in to 6.0 kips/in. This "soft-
negs' resulted from the flrst concrete cracking which allowed some line anchor movement.
After this initial motion, the line anchor was able to resist loads of up to 13.0 kips/in
in the plain concrete specimen L4 and up to 15.0 kips/in in the prestressed concrete speci-
men L-13,

Specimens L-7 and L-8 with the M4x13 line anchor exhibited considerably less anchor dis-
placement than specimens with WT5x10.5 or WI5x5.75 anchors. The small displacements exhi-
bited by specimens L~7 and L-8 resulted from the larger stiffness of the anchors and higher
concrete compressive (bearing) stresses which can develop along the edge of the flange and
the web,

The forces in the 1 inch diameter tie bars are shown 1n Tables I and II.

Specimens L-9 through L-14 were tested under cyclic load prior to the static testing.
The specimens were typically tested under 1000 load cycles except that specimens L-9 and
L-13 were tested under 2000 cycles. The highest cyclic load was applied on specimen L<l4
ranging from 7.5 kips/in to 9.0 kips/in. No significant additional line anchor displacement
or deterloration of specimen L-14 was noticed, after the initial 1line anchor displacement
which occurred during the first few load cycles.

The line anchors in spec¢imens L-9 through L-12 displayed larger displacements after the
completion of the cyclic loading than the line anchors in the prestressed concrete specimens
L-13 and L<l4. The cyclic loading of the specimens did not significantly affect the maximum
load capacities and only resulted in some initial displacement as shown in Figures 5 and 6.

The line anchor tests were performed at concrete strengths ranging from 4200 psi to 5400
psi.

The line anchor forces at proportional limit (defined as that force where first concrete
cracking was detected) varied between 4.0 kips/in to 5.0 kips/in. This may be due to the
fact that specimens were cast from four different concrete batches and the varying age of the
specimen at the time of testing.

5. Steel Embedment Test Results

The steel embedment test results are summarized in Tables III and IV and Figures 7 and 8

The shear capacity in the steel embedments ranged from a minimum of 36.2 ksi in specimen
E-10 to a maximum of 50.7 ksi in specimen E-6, The average shear capacity for specimens E-1
through E-10 was 42.8 ksi or approximately 67% of the average ultimate temsile strength of
the steel embedment material.

The variation of the width-to-thickness ratios in the range of 1/4 to 4 for a constant
cross-sectional area did not result in a significant change in the maximum capacity of the

embedments. It was noted that the embedment capacity did not increase linearly with the
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cross-sectional area of the embedment.

Embedments with a larger cross-sectional area exhibited a lower maximum shear stress ca-
pacity than embedments with a smaller cross-sectional area. The average maximum capacity of
specimens E-1 through E-3 with a cross-sectional area of 1.0 in? was 43.7 ksi. The average
maximum capacity of specimens E-8 and E-9 with a cross-sectional area of 3.0 in? was 38.7
ksi. The maximum capacity for specimen E-10 with a cross-sectional drea of 4.0 in? was 36.3
ksi.

The steel embedment tests were performed at concrete strengths ranging from 4000 psi to
4500 psi. Specimens E-4 and E-5 were tested at a concrete stremgth of about 4000 psi and
specimen E-6 was tested at a concrete strength of about 4400 psi. The steel embedments in
specimens E~4, E-5 and E~6 had the same cross-sectional area of 2.0 in?. The higher concrete
strength of specimen E-6 may have resulted in the higher shear capacity of 50.7 ksi compared
to a shear capacity of 46.8 ksl and 45.0 ksi in specimens E~4 and E<5, respectively.

6. Summary and Conclusions

6.1 Conclusions of the Line Anchor Test Program

(a) The maximum shear capacity of all anchors exceeded 9.0 kips/in.

(b) Anchors with continuous welds developed the yileld strength of the 1/4 inch liner
plate with yield values of approximately 40 ksi.

(c) The anchors were extremely ductile, experiencing maximum displacements in the
range of .20 1nches.

(d) The line anchor tests on both the concréte and prestressed concrete specimens
demonstrated very good abllity to resist cyclic loads with no significant effect on the load
capacity.

6.2 Conclusions of the Embedment Test Program

(a) In general, the shear strength of the embedments were about 2/3 of the tensile
strength of the material based on mill certificates.

(b) There was a reduction in the ratlo of shear strength to tensile strength with
increasing embedment size.

(c) Orientations of the embedded members had very Ilittle effect on the load-displace-
ment capacity for embedments having the same crossw-sectional area.

(d) The embedments were very ductile with displacements in excess of 1/2 inch.

(e) When designing shear embedments, a tension anchor plate should be placed on the

end to resist any tensile loads which may result from large lateral displacements.
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Tasle | LINE ANchOR STaTIc TEsTS ResuLTs

Thickness ~ [ROPORTIONAL HAX 1 MUM Tie BAR Force
SHapE OF 0F Limit CapaciTy AT Max1muM
SpEcIMEN LINE Force Disp.  Force Disp.* CapaciTY
NuMBER  ANCHOR HeLp Puate (1 (kips/IN)  (IN) (k1ps/in)  (n) (KIPS/IN)
L-1  WI5x10.5 %__9_ 174 4.6 02 11.2 13 N.R.
16
L-2 WT5x10,5 116 174 5.0 02 10.8 19 N.R.
L-3 WT5x10.5 ’_B_ 174 4.0 .02 12.0 28 2.4
3116
L-4 WI5x10,5 ,—-&— 3/8 4,0 .02 13,0 27 3.2
3/16
L-5** WT5x10.5 %—9— 3/8 5.0 .01 11,0 08 3.1
3/16
L6 HTS:.75 %—9_ 174 4.0 100 .28 2.4
3/16 7 6-11
L-7 Mix13 4 4,2 .01 10.4 .10 N.R.
m
L-8 Myx13 i 1y 4.6 .01 10.4 .10 N.R.
1/4 174
NoTes:
1. CoNCRETE SPECIMEN WIDTH Was 12,
2. CONCRETE STRENGTH AT TIME OF TESTING VARIED FRoM 4200 psi
To 5000 ps1.
3. ANCHOR YIELD VARIED BETWEEN 47 KSI TO 53 KSI AND ULTIMATE
VARIED BETWEEN 64 KSI AND 72 KsI.
THE LINER PLATE YIELD/ULTIMATE wAs: 42/6U xsi ror L-1,
L-2, L-7 anp L-8:; 33/58 ks1 For L-3 anp L-6: anp 46/68
kst For L-4 anp L-5,
5. THE TIE BAR FORCE FOR SPECIMENS L-1, L-2, L-7 anp L-8
WAS NOT RECORDED,
6. ALL WELDING conFoRMED To AWS D1.1-72; Tvpe E6010 ELECTRODES
WERE USED FOR ALL WELDING.
7. THE BUTT WELD IN SPECIMENS L-7 AND L-8 was 0,25 INCHES
DEEP AND 0,25 INCHES WIDE.
8, *CORRESPONDS TO LINE ANCHOR DISPLACEMENT AT MAXIMUM
STATIC FORCE.
9, **SpecIMEN L-5 was PRESTRESSED To 1500 psI.
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TaBLe I LiNe Anctor CycLic Tests ResuLTs

ToTAL Max 1Mum Tie Bar
DispL. AFTER Force At
SHAPE OF LoADING CoMPLETION APACITY Maximum
IMEN LINE 1000 OF Loap Force Dise,* CapaclTY
AncHOR  WELD CvcLes (k/tn)  Cvces (in)  (kies)  (IN) (kIP/1N)
L-9 WT5x10.5 !5———{>w— 151030 0.00 11.0 21 2.3
/16 30t045 0.05
L-10 WT5x10.5 ‘47—-—E>—— 4,5 10 6.0 0.05 10,9 19 2.2
3/16
L-11 WT5x5,75 3.0 o 4.5 0.05 9.0 21 1.7
L-12 WT5x5,75 4,5 10 6,0 0.06 9.9 19 1.8
L-13** wmm.s%—g— § 706 0.00 5.0 15 L9
3/16 6.0 10 7.5 0.01

L2 wrsno.sm{}— 7.5 10 9.0 0.01 w7 20 L7

Notes:

1. ALL LINER WAS 1/4" THICK AND CONCRETE SPECIMEN WIDTH WAS
124

2, CONCRETE STRENGTH AT TIME OF TESTING VARIED FRoM 5100 psi
7o 5400 ps1.

3., ANCHOR YIELD VARIED BETWEEN 49 AND 53 KS! AND THE ULTIMATE
STRENGTH RANGED BETWEEN 70 AND 72 KSI.

&4, THE LINER PLATE YIELD/ULTIMATE WAS 38/58 ks1 ForR L9 To
L-12 anp 68/84 ks1 For L-13 anp L-14,

5. MWELDING CONFORMED To AWS D1,1-72 wiTH TypeE E6010 ELECTRODES.

6. *CORRESPONDS TO LINE ANCHOR DISPLACEMENT AT MAXIMUM STATIC

FORCE AFTER COMPLETION OF CYCLIC LOAD TESTING.

*¢SpecIMENS L-13 aND L-14 WERE PRESTRESSED To 1500 psI.

J 5/9%



TaLe TIl  SteeL EmBepMENT TesT REsuLTs

PROPORTIONAL Max1mom Tie Bar
THICKNESE LT CAPACITY Force AT
EmpeDp, OF ATTCH, Hax iMum
SPecTMEN mueoment DEpTH  PLATE Force Disp Force Disp CapactTy
HumBer  SHAPE  (IN) (n) (kips) (1N} (Ktps)  (In) (k1ps)*®
E-1 IJ_'I ! 6 172 38 .09 4y 38 N.R,
2 v e 1 W08 W 30 NR
E-3 'f]z 3 172 3 07 83 18  NR
riAe
E-y Ot 8 1 75 06 96 39 10,1
5 1 8 3/4 70 .5 % 28 6.4
E-6 lj R 8 3/4 70 ,05 101 42 8,8
E-7 Bl-ﬂ/\q 10 1-1/4 120 .08 127 50 20.6
E-8 la:p 10 3/4 100 .07 113 .26 10.0
E-9 lj . 10 3/4 80 04 119 53 10,9
E-10 ne 12 1-172 120 .05 145 .28 19,1
NoTes:
1, ALL WELDS WERE FULL PENETRATION PLUS 3/16” FILLET.
2. WEeLDING coNFORMED TO AWS D1,1-72 wiTH Type E7016 ELECTRODES.
3. CONCRETE STRENGTH AT TIME OF TESTING RANGED BETWEEN 4000 psI
AND 4500 psr.
4. DISPLACEMENT VALUES CORRESPOND TO MAXIMUM LOAD,
5. N.R. 1nprcates “Not Recorpep”.
6. THE EMBEDMENT YIELD/ULTIMATE WAS 42/62 ks1 FOR SPECIMENS E-1,
E-5, E-6, E-8 anp E-9; 43/66 ks1 For specimens E-2 anp E-3;
AND U2/7Y4 ks1, 4O/64 Ks1 AND U1/64 Ksi FOR SPECIMENS E-l4,
E~7 anp E-10, RESPECTIVELY.
7. THE CONCRETE WAs 12" wipe For E-1 To E-3 aND 36" WIDE FOR
OTHER SPECIMENS,
8. THE EMBEDMENT SHAPE USED THE FOLLOWING ORIENTATION: FOR
SPECIMEN E~2*, WIDTH = 2", THICKNESS = 0,5"; FIGURE 3 SHOWS
THE GENERAL ORIENTATION OF THE EMBEDMENT,
9. *THE TIE BAR FORCE AT MAXIMUM CAPACLTY IS THE TOTAL FORCE

IN BOTH TIE RODS,
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TYPE B SPECIMEN
TYPE L SPECIMEN

1r-o"

1"

SPECIMENS

E-1 THROUGH E-3
SPECIMENS

E-4 THROUGE E-10
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TasLe IV Summary OF STEEL EMBEDMENT SPECIMENS TeST ReEsuLTs

SPECIMEN  AREA  WIDTH/THICKNESS

NumBer (in?) (b/t) Vylks)t - Fylks)?  V/F,
E-1 1 1 43,8 62 0.71
E-2 1 4 44,0 66 0,67
E-3 1 174 42,5 66 0.64
E-4 2.06 1 46.8 74 0.63
E-5 2 2 45,0 62 0.73
E-6 2 172 50.7 62 0.82
E-7 3.06 1 41,6 64 0.65
E-8 3 3 37.5 62 0.60
E-9 3 173 39.5 62 0.64
E-10 ) 1 26.2 64 0.57
NoTes:

1.V, = MAXIMUM SHEAR FORCE/CROSS-SECTIONAL AREA,

2. F, = ULTIMATE TENSILE STRENGTH BASED ON MILL CERTIFICATES.

u

SPECIMEN SYMMETRICAL
ABOUT ¢

REMOVABLE LOADING GIRDER

CONNECTION

RAMS

PLATE PRESTRESSING SYSTEM FOR
SPECIMENS L-5, L-13 & L-14

LINE ANCHOR OR AND L-14 OWLY,

STEEL EMBEDMENT OR LINE ANCHOR

4.5

" DIAMETER TIE ROD (EACH SIDE)
THREE 14" DIAMETER PRESTRESSING RODS

"
3.5" THICK BEARING PLATE BAR 2'x2" (TYP.)

TOP AND BOTTOM

SPECIMEN SUPPORT

l 1'-0" ' TYP
3t-o" R SPECIMENS E-4 THRU E-10

SECTTON A

Fieure 1 TesT SeT-UP For LINE Anchor AND STEEL EMBEDMENT SPECIMENS
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(2) TENSILE FORCE IN
ATTACHMENT PLATE
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LOAD (kips/in)

Laap (KIPS/IN)

NOTE: SPECIMEN L-1 STMILAR TO L-2
SPECIMEN L-7 SIMILAR TO L~8

LINE ANCHOR DISPLACEMENT (IN)

Freure 5 LiNE AncHor DrspLACEMENT DiacraM (StaTic Loap TesT)

1~14

-5

NOTES: 1. DISPLACEMENTS SHOWN FOR SPECIMENS
1~9, L-11, L-12 AND L-14 ARE
FOR STATIC TEST AFTER CYCLIC
LOAD TEST.
2, SPECIMEN R~10 SIHILAR TO L-9
SPECIMEN 1~1) SIMILAR TO L-14

0.10 0.20 0.30
LINE ANCHOR DISPLACEMENT (IN)

Fiure 6 LINE ANcHOR DispLACEMENT DrAGRAM (STATIC LoaD TEST)
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FiGure 7

— 12—

E-10

—

BE-4

0.
EMBEDMENT DISPLACEMENT (IN)

Loap Vs. DispLaceMenT ~ Specimens E-1, E-4, E-7 Anp E-10

e &

¢ b

1.0 2.0 3.0 4.0
CROSS~SECTIONAL AREA OF EMBEDMENT (IN2)

Fieure 8 SHear Loap Vs, EMBEDMENT CROSS-SECTIONAL AREA
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