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EXECUTIVE SUMMARY

This report documents the work performed and the results obtained from the joint industry
project, "Testing and Evaluation of Grout Strengthened and Repaired Tubular Members." The
project was funded by five industry participants and was conducted by the Texas Engineering
Experiment Station at Texas A&M University. The Principal Investigators on the project were

Terry L. Kohutek, P.E., Ph.D. and Loren D, Lutes, P.E., Ph.D.

The purpose of the project was to determine the increase in axial capacity that grout provides
when placed in undamaged and dent-damaged members. This was accomplished by performing
three primary tasks: 1) conduct a comprehensive study of all previous research on grouted
tubular members, 2) conduct axial compression tests on full-scale members, and 3) analyze

experimental data and compare capacities to those computed by existing analytical methods.

An extensive literature review was performed in Task 1 to collect data from all research that had
been conducted on grouted tubular members. In this review, it was found that 71 tests had been
conducted on grouted tubulars. Sixty-four of these tests were performed on damaged, grout-
repaired members. However, only four of these tests were conducted on members with
diameters greater than 7 in. and lengths greater than 10 ft. In addition, the damaged members
tested usually contained small dents (dent depth/diameter = d/D < 0.20) perpendicular to the
longitudinal axis that are not representative of the more severe dents found on members of in-
service platforms.  Thus, there was a need to obtain data on members that are more
representative of full-scale members with severe longitudinal dent damage (d/D > 0.33). A test

matrix was formulated for Task 2 to meet this need.

Task 2 was accomplished by conducting axial compression tests on 12 members that are
representative of full-scale jacket braces. The configurations of members tested included:
undamaged/ungrouted, undamaged/grouted, dented/ungrouted, and dented/grouted. Within these
four different configuration, members with three different diameter-to-thickness ratios (D/t =
34.0, 42.7, and 51.0) were tested. Longitudinally oriented dents with the same depth-to-

diameter ratio (d/D = 0.40) were used for all damaged members.
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In Task 3, the experimental data was analyzed on the basis of the ultimate capacity of an
undamaged/ungrouted member. It was assumed that the Cox-LRFD formula provides an
accurate lower bound value for these members. A member (specimen 12) was tested to further
verify the validity of this assumption. To account for the effects of bending that occurred during
the tests, the Cox-LRFD formula was used with the AISC-LRFD interaction formula to obtain
a "corrected” predicted ultimate axial capacity. In addition, the experimentally determined
ultimate axial capacity of each member was compared to the ultimate capacity predicted by

several existing analytical methods.

The major findings of this study are:

1) Severe dent damage will significantly reduce the capacity of a member. The two

dented/ungrouted members tested, specimens 01 and 10 (d/D = 0.40), experienced 24%

and 38% reductions in their original ultimate capacities.

2) Based on the experimental data from specimen 12 and previous research efforts, the
Cox-LRFD (with moment correction) formula appears to provide a reasonable lower

bound value for undamaged/ungrouted members.

3) Grouting is a viable method for strengthening undamaged tubular members. Based
on the experimental data, grouting members without any initial damage can increase the
strength 32% to 104% above the original ultimate capacity based on the Cox-LRFD
equation (with moment correction). Specimen 07 contained an extremely poor quality
of grout; however, the grout still increased the strength of the member 32% above the
original ultimate capacity. In the case of specimen 09, which contained quality grout
the full length of the member, the capacity was 104% above the original ultimate

capacity.

4) Grouting is also a viable method for repairing dent-damaged tubular members. Grout
can inhibit local buckling and prevent any further reduction of the cross section at the

location of the dent. In all the grout-repaired/dented members tested, the ultimate




capacity exceeded the original (undamaged/ungrouted) capacity of the member based on
the Cox-LRFD equation (with moment correction). This increase in strength above the
original capacity varied from 15% to 46%. This resulis in an 83% to 85% increase

above the dented/ungrouted capacity.

5) The actual yield strength, F},, of all members exceeded the specified minimum yield
strength, 35 ksi, for API 5L Gr. B steel. The original design capacity (using 35 ksi and
excluding the resistance factor) for all members was computed based on the Cox-LRFD
equation {(with moment correction). The capacity of the grouted members was 35% to

228% greater than the original design capacity.

6) Grouting may be a viable repair method for members with dent-damage and
significant initial out-of-straightness. Grout increased the strength of a member
(specimen 11) with an initial out-of-straightness/member length = 0.0095 and dent
depth/diameter = 0.40 to 15% above the original (undamaged/ungrouted) ultimate

capacity.

7) Most of the existing analytical methods provided very conservative (lower bound)
values for the predicted ultimate strength. In some members, the predicted strength was
1/3 of the experimentally measured capacity. These analytical methods are based on
relatively short, shallow dents oriented perpendicular to the longitudinal axis of the
member. The dents produced in this study were relatively deep (d/D = 0.40), long (Ly,
= 36 in.) dents oriented along the longitudinal axis of the member. These dents appear
to be "stiffer” than the assumed analytical dents and could account for the significant

difference in the predicted and measured capacities.

8) Two of the analytical methods (ACI and Poston) produced unconservative
(overpredicted) ultimate capacities. The ACI method overpredicts the capacity of all
undamaged/grouted specimens (from 18% to 31%). The Poston method significantly
overpredicts the capacity (by as much as 21%) of two specimens (07 and 08). It is not

significant that the capacity of specimen 07 was not accurately predicted due to the fact
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that the member did not contain quality grout the full length of the member. The
capacity of specimen 08 was overpredicted because the initial out-of-straightness of the

member was 2.0 in.; however, Poston used a value of 1.25 in. for his analysis.
9) Post-test destructive examination of the grouted members revealed significant

differences in the quality and completeness of the grout. Members that were pumped

full of grout, without interruption, generally contained a higher volume of quality grout.
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1.0 INTRODUCTION

1.1 Background.
This report addresses the issue of strengthening undamaged and repairing damaged offshore

Jjacket bracing. Members in offshore platforms are normally designed to withstand elements of
load from wind, waves, equipment, etc. However, there are also events not considered in the
design that produce loads on the structure that can damage a component or member. These
events include: 1) falling material or equipment, 2) inadvertent collisions from a service craft
docking at the platform, or 3) damage from explosives used for fishing near the platforms. The
loads from these events may cause damage in the form of denting, holes, and/or out-of-
straightness. Corrosion also causes significant damage to these components. When structural
members sustain any of these forms of damage, the reduction in capacity needs to be assessed.

If the reduction is significant, the member may require repair Or, in mMore severe cases,

replacement.

There are several methods commonly used to repair damaged tubular members. These include:
1) welding a sleeve around the outside of the member in the location of the damage, 2) applying
an externally grouted clamp, and 3) applying internal grout. Ideally, the repair method should

increase the strength of the member to its original design capacity.

A common, and generally the most economical, method used to repair members in offshore
platforms is internal grouting. This grouting can occur over the entire length of the member or
may be confined to the damaged area. There is limited experimental data on internally grouted
tubular members, particularly on full-scale members. Experimental testing and analysis of

grouted, full-scale members is needed to evaluate grouting as a repair method.

1.2 Objective of the Research

The primary objective of this research is to provide data needed to evaluate internal grouting as
a method of strengthening and repairing members of offshore platforms. Of particular interest

are dent-damaged members.
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Presented in the next section are the test parameters and results from 71 tests that have been
conducted on grouted tubular members. Of these tests, 64 were conducted on damaged, grout
repaired members. All of these tests indicate that grouting increases the capacity of damaged
members. However, only four of these tests were conducted on members with diameters greater
than 7-in. and lengths greater than 10-ft. In addition, the damaged members tested contained
dents that were relatively shallow (dent depth/diameter = d/D < 0.20) and perpendicular to the
longitudinal axis of the member. These dents are not representative of the more severe dents
that are found on members of in-service platforms. Thus, no data exists for full-scale members

with severe dent damage (d/D > 0.33) that have been repaired by grouting.

Twelve full-scale, undamaged and dent-damaged, ungrouted and internally grouted, tubular
members were tested in axial compression to obtain these data. The damaged members
contained dents that are representative (d/D = 0.40) of the more severe dents found on in-
service platforms. The ultimate capacity of these members was compared to capacities based
on various analytical models and formulae developed for undamaged, damaged/ungrouted,

undamaged/grouted, and damaged/grouted members.

1.3 Literature Review

1.3.1 Standard Notation. Different researchers use different notations when reporting the

results of their work. To eliminate the confusion that often occurs when comparing the work of
others, a standard notation has been adopted for the remainder of this chapter. In addition, all
work reported in metric units has been converted to English units.

The following notations and units are used in this chapter:

Fy = yield strength of steel (ksi),

F, = compressive strength of grout (ksi),
P, = ultimate experimental axial capacity of the member (kips),
D = outside diameter of specimen (in.),
t = wall thickness of specimen (in.),
L = length of specimen (ft. or in.),
r = radius of gyration of specimen (in.),
d = maximum depth of dent (in.),
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6 = maximum out-of-straightness of specimen (in.),

f, = bending or flexural stress (ksi)
f, = axial stress (ksi)
w/c = water to cement ratio, by weight (Ib/1b)
KL = effective length. in buckling of specimen (ft. or in.)
KL/r = slenderness ratio of specimen (in./in.)

1.3.2 Previous Work. Wimpey Offshore (1984) tested the six fully grouted, undamaged
specimens shown in Table 1.1. The members were subjected to combined axial and bending
loads. The eccentricity of the load was varied to produce bending stress/axial stress (f,/f,) ratios
from 1.00 to 10.00. It was found that the grout primarily reinforces the tubular wall which
eliminated the possibility of local buckling and reduction of the cross section. Hence, the grout
1s most beneficial in members with high diameter-to-thickness ratios (D/t) where local buckling
is the controfling limit state. Compact members (small 1/D}, which generally fail in a squash
mode rather than a global buckling mode, did not fail in a squash mode due to the presence of
grout in the member. Thus, the grout significantly increased the capacity of the member. In
addition, it was found that the strength of members which fail in a squash mode can be further
increased by increasing grout strength. However, the grout strength does not affect global
stability, and thus the strength of members subject to global buckling is not affected by grout
strength. This research also shows that steel yield stress has little effect on the ultimate capacity

of the member.

S. Parsanejad (1987) later conducted pure axial compression tests on the ten fully grouted,
tubular members shown in Table 1.2. Four specimens (A 1&2 and C 1&2) contained minimal
damage with out-of-straightness ratios (6/L less than 0.00012) and dent depth-to-diameter ratios
(d/D less than 0.075). The remaining six specimens (B 1&2, D 1&2, and E 1&2) contained
more substantial denting and out-of-straightness damage as shown in Table 1.2. All members
contained a dent that was oriented transverse to the longitudinal axis of the member. The results
of these tests indicated that specimens with a larger dent exhibited a smaller post-ultimate
strength at large displacements. In addition, it was found that in all the specimens, the stress

in the dented region exceeded the yield stress prior to reaching the ultimate load. This indicated

1-3



that the grout supported the tube wall and prevented local buckling. The ultimate capacity of
ungrouted, undamaged tubular members, with the same geometrical and material properties, was
computed using AISC specifications (AISC, 1969). It was found that the grout increased the
strength in five of the eight damaged specimens above this computed design capacity. The
capacity of the other three specimens (B2, D2 and E1) was less than the original design capacity,
These specimens contained a combination of a larger dent (d/DD>>0.135) and a larger out-of-
straightness (6/1.=0.00214). Tt was stated by the author that this level of damage is rarely

encountered in practice.

S. Parsancjad, S. Tyler, and K.Y. Chin (1987) performed pure axial compression tests on four
fully grouted and five partially grouted members. Table 1.3 contains a summary of the test
parameters and results for these members. Al members contained a dent that was oriented
transverse to the longitudinal axis of the member. It was found that specimens with larger dents
bave a smaller post-ultimate strength at larger displacements and that the grout prevents local
buckling at the dent by reinforcing the tube wall. For the partially grouted specimens, buckling
occurred near the end of the grouted length. The experimental capacities for all specimens were
compared to analytical values. The analytical values were based on beam-column theory using
a first yield failure criterion. In the four, fully grouted specimens, the differences between
experimental and analytical capacities were acceptably small (< 15%), with the analytical method
providing a lower bound value. It was also found that grouting the full length of the member
more than compensated for the loss of strength due to the damage. For the partially grouted

specimens, the capacities based on the analytical method exceeded the experimental capacities.

S. Parsanejad and P. Gusheh (1988) conducted pure axial compression tests on the ten, partially
grouted, damaged tubular members shown in Table 1.4. All specimens had D/t ratios of
approximately 48 and a dent oriented transverse to the longitudinal axis of the member. Four
members essentially contained dent damage only (J 5&6, and K 3&4) since the out-of-
straightness was practically negligible (6/L <0.0002). The remaining six specimens had initial
out-of-straightness and dent damage. As in the other research efforts, it was found that the grout
provided sufficient support of the tube wall to prevent local buckling. For all ten specimens the

difference between the experimental and analytical capacities was less than 20%. The analytical
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method used in this study was developed by S. Parsanejad for his 1987 study. For the four
specimens with denting only, the grout increased the strength of the member to the original
undamaged capacity. For one specimen, the damaged, grout repaired capacity was 19% greater
than the original design capacity. For the other six specimens which contained out-of-
straightness and a dent, the grout repaired capacity was up to 95% of the undamaged, ungrouted

capacity. Again the authors concluded that grout can compensate for the loss in strength due

to the damage.

L.F. Boswell and C.A. D’Mello (1989) conducted pure axial compression tests on 37, 1/5, 1/3,
and approximately full-scale, fully grouted tubular members. Table 1.5 contains a summary of
the geometric properties and ultimate capacity for each test specimen. Table 1.6 contains a
summary of all of the geometric ratios for each specimen. The ends of each specimen were
fitted with fixtures to approximate pinned end conditions and were tested in a horizontal position.
Generally these tests showed that as the dent depth increases, the ultimate capacity decreases.
In addition, the effect of D/t and L/r coupled with the dent damage on the capacity was
observed. It was found that there was no significant interaction between dent damage and D/t.
However, the data showed that there is interaction between dent damage and L/r. The L/r ratio
had little effect at low D/t ratios (23.4) but a reduction in the effectiveness of grout in restoring
capacity was observed at higher D/t ratios (28.5 and 48.0). The experimental capacity of all
specimens except one exceeded the ultimate capacity for undamaged, ungrouted members based
on the American Petroleum Institute (API, 1982) ASD formulation. The capacity of the other
specimen was 94% of the API capacity. In addition, it was found that specimens with smaller

dent depths had a more significant increase in capacity due to the grout.

Y. P. Renoult and J. P. Quillevere (1990) of EIf Aquitane conducted pure axial tests on three
fully grouted tubular members. Table 1.7 contains a summary of the test specimens. These
members contained dent and out-of-straightness damage. The dents were oriented along the
longitudinal axis of the member. The results from the tests showed that the ultimate strength
of the damaged members was increased by the grout by 67% for d/D of 0.51 and 48% for d/D
of 0.64 when compared to identical damaged ungrouted members. A finite element model was

developed for the grouted damaged members using 20 node, brick elements. The model verified
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the experimental observation that the main effect of internal grouting is to prevent or delay the

occurrence of a hinge due to local buckling.

J. M. Ricles, T. E. Gillum, and W. B, Lamport {1993) conducted an extensive testing program
on thirteen dent-damaged/grouted, dent-damaged/ungrouted, and undamaged/grouted members.
One of the members tested had been repaired by means of an externally grouted clamp while
three of the members tested were repaired by internal grouting. The other nine members were
not grouted. Table 1.8 contains a summary of the test parameters and results for the three
mternally grouted members. All of these members had a nominal diameter of 8.625 in. and
were nominally 15 ft. in length. The wall thicknesses of the members were varied to provide
D/t ratios of 34.9, 46.2, and 64.0. All members contained a nominal dent depth of 0.8625 in.
(d/D=0.10) and were subjected to an eccentric axial compressive load at 0.2D. Again, it should
be noted that the dents were produced by a knife-edged indentor head applied transverse to the
longitudinal axis of the member. The capacities of the members tested were compared to the
predicted capacity based on Parsanejad’s formulation (1987). These values and comparisons are

also presented in Table 1.8.

The major findings for the internally grouted specimens from the Ricles, et. al., study were:

1) Internal grouting can restore a 0.1D dent-damaged member’s strength beyond the
original undamaged member strength. The repaired strength was from 13% to 88%
greater than undamaged member strength and from 110% to 165% greater than the

damaged member strength.

2) The behavior of the member and extent to which grout strengthens the member is
affected by the D/t ratio. Members with higher D/t ratios (> 46) are susceptible to local
buckling. This local buckling prevents the repaired member from developing a capacity

that is equivalent to the capacity of a dented section with full composite action.

3) The capacity predicted by Parsanejad’s method provides a close lower bound value for

the experimental data.
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Table 1.1. Data from Experimental Research Performed
by Wimpey Ofishore (1984)

Specimen Diameter Length Thickness Dent Depth
No. (in.) {ft.) (in.) (in.) 1./D
1&2 8.50 7.09 0.118 0 10
"' 3&4 6.63 11.02 0.177 0 20
5&6 6.09 14.63 0.374 0 28.8
Specimen | 38 P, F,
No. Dit d/D kL/r £/t (ksi) (kips) {ksi)
1&2 72.00 | N.A. 28.71 1.0 58.1 304 10.2
5.0 75 8.1
34&4 3740 | N.A. 57.94 1.0 60.2 147 8.5
16.0 32 8.2
5&6 16.30 | N.A, 86.69 1.0 68.9 131 9.3
10.0 40 9.1

Notes: 1) All member properties:
Steel: BS4360 Grade 50d standards
Grout: API Oilwell "B" grout, w/c = 0.34
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Table 1.2. Data from Experimental Research Performed
by S. Parsanejad {1987)

Specimen | Diameter | Length Thickness | Dent Depth
No. {in.) (ft.) (in.) (in.) L/D D/t
A@ 1.70 4.12 0.055 0.127 26.06 31.10
B 1.70 4.12 0.055 0.081 29.06 31.05
C 2.70 6.10 0.055 0.208 27.16 48.55
D (2) 2.70 6.10 0.055 0.405 27.16 48.85
E (2) 1.70 4.12 0.058 0.232 29.06 29.25
Specimen F, P, F,
No. da/D &/L kL/r (ksi) (kips) (ksi)
A2 0.075 0.00010 84 .96 84.5 16.2 4.6
85.1 15.7
B (2) 0.138 0.00214 84 .96 81.7 13.9 4.6
23.6 10.8
CQ 0.070 0.00012 78.26 73.1 28.8 4.6
77.6 27.4
D (@) 0.150 0.00232 78.26 71.5 23.8 4.6
75.1 19.8
E ) 0.136 0.00267 85.11 53.4 8.8 4.3
50.9 11.9

Note: (*) indicates the number of specimens
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Table 1.3. Data from Experimental Research Performed
by S. Parsanejad, S. Tyler, and K. Y. Chin (1987)

Specimen | Diameter | Length | Grout Length | Thickness | Dent Depth
No. (in.) {ft.) (ft.) (in.) (in.) L/D
It 2.70 6.32 2.95 0.052 0.275 28.1
, 12 2.70 6.32 1.97 0.053 0.259 28.1
I3 2.70 6.32 0.98 0.054 0.270 28.1
H?2 3.43 6.32 0.98 0.060 0.505 22.0
G1 2.70 6.25 6.25 0.055 0.193 27.8
G2 2.70 6.25 6.25 0.055 0.397 27.8
[ G3 2.70 6.25 6.25 0.055 0.346 27.8
" F1 1.72 4.39 4.39 0.028 0.248 30.6
" H1 3.43 6.25 6.25 0.061 0.499 21.9
Specimen Fy F,
No. D/t d/D 6/L KL/r (ksi) (ksi)
I 51.7 0.102 0.0028 97.3 33.5 2.7
12 51.2 0.096 0.0031 96.9 33.4 2.7
I3 49.7 0.100 0.0032 96.7 33.8 2.7
H2 57.4 0.146 0.0007 77.4 31.8 2.3
G1 49.2 0.071 0.0001 92.8 31.8 2.3
G2 49.2 0.142 0.0006 99 .4 33.7 2.3
G3 49.2 0.128 0.0043 97.1 335 2.3
F1 61.4 0.144 0.0017 111.5 26.0 2.3
H1 56.3 0.146 0.0022 77.7 325 2.3
Notes: 1) kL/r values as given in report

2) All members; grout properties: W/C = 0.45
3) The ultimate capacities were not presented in this report.




Table 1.4, Data from Experimental Research Performed
by S. Parsanejad and P. Gusheh (1988)

Specimen | Diameter | Length | Grout Length | Thickness | Dent Depth
No. (in.) (ft.) (ft.) (in.) (in.) L/D
I1 2.70 5.35 2.96 0.056 0.259 23.8
12 2.70 5.35 2.29 0.056 0.194 23.8
I3 2.70 5.35 1.59 0.056 0.208 23.8
T4 2.70 5.35 1.00 0.056 0.194 23.8
I5 2.70 5.35 2.91 0.055 0.318 23.8
J6 2.70 5.35 1.62 0.055 0.310 23.8
K1 2.70 7.48 2.92 0.056 0.202 33.2
K2 2.70 7.48 1.63 0.055 0.219 33.2
K3 2.70 7.48 4.22 0.056 0.310 33.2
K4 2.70 7.48 1.65 0.056 0.308 33.2

Specimen F, P, F,
No. D/t d/D o/L kKL/r (ksi) (kips) (ksi)
J1 48.0 0.092 0.0031 62.2 36.9 11.5 5.2
I2 48.3 0.072 0.0040 62.9 38.2 12.8 5.2
I3 48.3 0.077 0.0037 64.0 44.3 12.4 5.2
T4 47.8 0.072 0.0038 65.1 37.9 12.4 5.2
I5 48.9 0.118 0.0002 63.1 37.0 13.9 5.2
I6 487 | 0.115 | 0.0002 | 64.8 | 37.6 146 | 52
K1 48.4 0.075 0.0040 88.4 36.9 10.1 5.2
K2 49.1 0.081 0.0038 90.8 38.6 9.7 5.2
K3 48.5 0.115 0.0001 88.1 38.6 14.6 52
K 4 48.3 0.114 0.0002 91.4 37.9 12.1 5.2

Notes: 1) KkI./r values as given in report
2) All members; grout properties: W/C = 0.45
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Table 1.5. Geometry Data from Experimental Research Performed
by L. F. Boswell and C. A. D’Mello (1989)

Specimen Diameter | Length Thickness P, Dent Depth
No. (in.) (ft.) (in.) (kips) avg. (in.}
A(5) 1.75 2.95 0.049 16.8 0.201
i B(4) 1.75 2.95 0.062 17.5 0.213
C(3) 3.00 5.12 0.104 88.1 0.131
D(2) 3.00 5.12 0.104 54.1 0.470
F(2) 3.00 5.94 0.126 78.9 0.291
G(2) 3.00 5.09 0.130 84.6 0.284
H(2) 3.00 4.23 0.128 85.9 0.290
I(2) 3.00 6.07 0.063 48.5 0.303
K(2) 3.00 5.18 0.063 52.7 0.293
L(2) 3.00 4.33 0.063 59.4 0.299
M(2) 3.00 5.97 0.107 73.7 0.291
N(2) 3.00 5.12 0.104 67.3 0.302
0(2) 3.00 4.27 0.106 77.9 0.305
| P(D) 3.00 5.12 0.104 69.7 N.A.
Q4 8.62 6.11 0.318 473.2 0.987

Note: (*) indicates the number of specimens tested
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Table 1.6. Geometric Ratio Data from Experimental Research

Performed by L. F. Boswell and C. A. D’Mello (1989)

Specimen No. L/D D/t d/D kL/r
A(5) 20.23 35.55 0.116 58.84
B(4) 20.23 27.95 0.123 59.28
C3) 20.48 28.90 0.040 59.97
D(2) 20.48 29.00 0.160 59.97
F(2) 23.74 23.80 0.100 70.08
G(2) 20.33 23.20 0.100 60.13
H(2) 16.92 23.50 0.100 49.94
J(2) 24.26 47.70 0.100 70.13
K(2) 20.72 58.00 0.100 59.85
142) 17.31 58.00 0.100 50.03
M(2) 23.87 28.00 0.100 69.99
N(2) 20.46 29.00 0.100 59.97
O2) 17.05 28.20 0.100 50.24
P(1) 20.46 28.90 N.A. 59.97
Q) 22.43 27.15 0.110 65.81

Note: (*) indicates the number of specimens tested.
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Table 1.7. Data from Experimental Research Performed
by J. P. Renault and J. P. Quillevere (1990)

Specimen Diameter Length Thickness Dent Depth
No. (in.) (ft.) (in.) {(in.) L/D
5A 6.81 15.75 0.31 3.47 27.75
5B 6.81 15.75 0.31 3.47 27.75
6B 6.81 15.75 0.31 4.36 27.75
Specimen P,
No. D/t d/D o/L (kips) kEL/r
5A 21.97 0.51 0.0092 378 57.5
5B 21.97 0.51 0.0105 387 57.5
6B 21.97 0.64 0.0174 283 57.5
Notes: 1) All members fully grouted

2) All members have pinned-fixed end conditions (k = 0.7)
3) All members tested meet API 5L Grade B steel standards
4) All members; grout properties: w/c = 0.44, F, = 6.2 ksi
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2.0 EXPERIMENTAIL TEST PROGRAM

The experimental program was conducted to determine the pre- and post-buckling behavior and
the ultimate capacity of twelve full-scale tubular members. The program consisted of: 1)
denting members, 2) grouting members, 3) instrumenting members, 4) compression testing of
grout cylinders, 5) full-scale compression testing of members, 6) reducing full-scale test data,
7) tensile coupon testing, and 8) evaluating full-scale test results. Denting and grouting
operations were conducted at the Texas A&M University Riverside Campus while the remaining
tasks were conducted at the Texas A&M University Testing and Materials Research Laboratory.

The details of these events are described in this chapter.

2.1 Test Matrix Description
Meetings were held with the technical representatives of the sponsors to determine the test

matrix for the program. This was done to assure that the data obtained from the test would be
relevant to member types, damage, repair methods, etc., typically found in existing offshore
platforms. The results from specimens 01-04 tests were used to determine the parameters for
specimens 05-08. Specimens 05-08 were tested before determining the parameters for specimens

09-12.

A summary of the test parameters is presented in Table 2.1. All specimens had either 12.75 or
16.00-in. outside diameter, wall thickness of 0.375 or 0.250-in., and were approximately 40-ft.
in length. The wall thickness and diameter of each specimen was pot measured during the
experimental program. The specified nominal values were used in all calculations. This
resulted in three different D/t ratios (34.0, 42.7, and 51.0) and slenderness ratios (kL/r) between

40 and 90. These values are typical of those found in jacket braces.

A typical dent cross-section and profile at maximum dent depth are shown in Figures 2.1 and
2.2. Relatively long (Iy = 36-in.), deep (/D = 0.39 - 0.40) dents were selected for two
reasons: 1) these dents currently exist in many in-service members; 2) d/D = 0.40 represents
"severe” dent damage. A dent of this size probably represents an upper limit on the size that
would be repaired by internal grouting. Thus, it was presumed that if the original ultimate

capacity of these members could be restored by internal grouting, the strength would also be
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restored in members with less severe dent damage. It should be noted that the dents used in
this study differ significantly from the dents used in most of the previous research efforts.
As shown in Figures 2.3 and 2.4, an indentor was used that made a longitudinal dent rather than
a transverse dent that has been used in other studies. A grout with a nominal 28 day
compressive strength of 4000 psi was used because it is typical for grouts currently used for

various grouting operations on offshore platforms.

The first four tests were conducted before the test parameters were defined for the final four
tests (specimens 05 - 08). The increase in capacity due to grouting as indicated by the data from
the first four tests proved to be greater than expected. To validate these findings, it was decided
that replicate tests should be conducted. Three of the first four tests were duplicated in the
second half of the test program (specimens 02 and 05, 03 and 06, 04 and 08). The ungrouted,
damaged tubular member (specimen 01) was replaced by a thin walled (t = 0.250-in.), grouted,
undamaged tubular member (specimen 07). A third set of four specimens (09-12) were
conducted on 16.00-in. O.D., t = 0.375-in., to obtain data on larger members, The four
specimens represent all possible combinations of the undamaged, dent-damaged, ungrouted, and

grouted conditions.

2.2 Specimen Preparation

2.2.1 Denting Procedure. Seven of the twelve specimens tested were dented. These members

were dented using a 100 ton jack and the load frame shown in Figure 2.3. A plywood cradle
was used to support the tubular member during the indentation process to minimize any out-of-
roundness (ovality) and reduce out-of-straightness. A loading head was designed and fabricated
to dent the members to the profiles and cross sections shown in Figures 2.1 and 2.2. The head
was fabricated by welding a 1/2-in. x 4-in. x 24-in. steel plate to the web of a WT5x15 section.

A photograph of the head and a typical dent are shown in Figure 2.4.
The member was placed in the load frame so that the midspan of the tubular member was in line

with the center of the head. After the tubular member was properly positioned, the loading head

was pressed into the tubular member. When the stroke of the jack was believed to be close to
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the specified dent depth, the jack was offloaded and a more accurate measurement was taken.

Several of these cycles were necessary in order to achieve the proper dent depth.

During the denting procedure, some out-of-straightness was also introduced in the member. In
order to correct this out-of-straightness, a fork lift was utilized to lift up the member at midspan
while the two ends were chained to the ground using existing tie downs. This method worked
well on the 12.75-in. members but proved ineffective on the 16.00-in. members. As shown in
Table 2.1, some out-of-straightness was still present in some specimens after this procedure.
However, only a fraction of the out-of-straightness was a result of the indentation process. The
majority of the out-of-straightness was caused by the weight of the grout because the members

were grouted in a near-horizontal position.

2.2.2 Grouting. All grouted members required some additional preparation prior to the
grouting procedure. First, end caps (t = 3/4-in.) were welded to the ends of the tubular
members to contain the grout. For specimens 02, 03, and 04, the end cap plates were cut so
that they could be welded to the inside of the member’s wall. However, these caps were not
welded flush with the specimen ends which later caused problems during full-scale testing. For
this situation all the load must be transmitted from the caps to the specimen wall through the
weld. Segments of the welds failed during the tests which allowed the cap plate to deflect and
the ends of the specimen to rotate. This problem was eliminated for specimens 05, 06, 07, 08,
09, and 11 by cutting the end plates so that they could be welded to the outside wall of the
member. For this situation, the weld simply serves to hold the cap to the end and all the load

is transmitted by bearing between the cap and the end.

Holes were cut in the side of the specimen near each end to serve as inflow and outflow ports
for the grout. Two-in. diameter couplings, valves, and nipples were used for specimens 02-08.
As will be discussed later, there were some problems during the grouting procedure directly
related to using 2-in. fittings. Therefore, 3-in. diameter couplings, valves, and nipples were
used for specimens 09 and 11. A typical inflow apparatus is shown in Figure 2.5. The
components for the inflow apparatus are: 1) standard coupling (welded to the hole in the side

of the specimen), 2) 6-in. long nipple, 3) standard gate or ball valves, and 4) 24-in. long nipple.
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A standard gate valve was used for specimens 02-08. However, there were some problems
encountered in closing the valves when the pumping of the grout ended. Therefore, ball valves
were used for specimens 09 and 11. These valves performed much better than the gate valves.
A 24-m. long nipple was used at the outflow end to increase the hydraulic head acting on the

grout.

All members were placed at a 10 degree (approximate) angle before grouting as shown in Figure
2.6. The 10 degree angle was used because it is the most horizontal orientation and, thus, the
most difficult grouting position that would be found in an in-service member. Prior to grouting,
each member was filled with fresh water to simulate any water-grout intermixing that might

occur in an in-service member.

The grout mix used for all specimens is described in Table 2.2 and is similar to an API oil well
"B" grout. The grout was supplied by a ready-mix concrete supplier in Bryan, Texas, and was
pumped by an Austin, Texas, company. The pump used was a Mayco HD30 with a pumping
pressure of 350 psi. A water/cement ratio of 0.40 was recommended by the concrete supplier
to obtain a nominal 4000 psi compressive strength in 28 days or less. A superplasticizer was

added to the grout to facilitate the pumping at this low water-to-cement ratio.

The amount of grout pumped into a specimen was approximately one and one-half times the
internal volume of the specimen. This was done to insure that the specimen was completely
filled with a "clean" grout. A "clean" grout at the outflow end is a grout that has the same
appearance and properties as the grout at the inflow end. The outflow of grout was closely
monitored to determine the proper time to terminate the grouting process. Standard grout
cylinders (3-in. diameter x 6-in.) were taken at each end (inflow and outflow) to determine the

compressive strength of the grout.

Although a superplasticizer was used in the mix, there were some difficulties in pumping some
members until "clean” grout appeared at the outflow end. The superplasticizer used in the grout
mix is very sensitive to mixing. As long as the grout mix remained agitated, it could be easily

pumped. However, there are times when the pumping would have to stop. Pumping would
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obviously stop when a specimen was full and the hose had to be transferred to another specimen.
This also occurred several times when a small piece of coarse aggregate (inadvertently included
in the mix) would become lodged in the pump hose or gate valve. When the pumping action
stopped for more than a few minutes, the grout in the hoses and pump would lose its plasticity
and could no longer be pumped. Pumping could not be resumed until all the hoses, hopper, and
piston housing of the pump could be cleared. During the time that the pump and hoses were

being cleared, the grout already placed in the specimen would also lose its plasticity.

In one instance this resulted in incomplete grouting of a specimen. A piece of coarse aggregate
became lodged in the gate valve of specimen 07 just prior to observing "clean" grout at the
outflow end. By the time the hoses and pump were cleared, it was not possible to move the
grout "plug"” that had formed inside the specimen. Therefore, the last 36-in. at the outflow end
of specimen 07 did not contain grout that exhibited properties consistent with the remainder of

the specimen.

Based on the experience of the authors, it is recommended that at least 3-in. diameter couples,
nipples, ball valves, and pumping hose be used for all similar grouting operations. Using larger
diameter hoses and valves will prevent pieces of coarse aggregate unmixed lumps of fine
aggregate, etc., from clogging the system. It is also recommended that the pump hopper and
piston housing be pumped "dry" before pumping is stopped to change the hose from one
specimen to another. Again, the grout can lose its plasticity while this operation is being

conducted and will clog the piston and the lines.

2.2.3 Component Instrumentation and Preparation. Approximately seven days after grouting

the specimens were transported to Texas A&M University’s main campus to perform all
remaining tasks. Each test specimen was instrumented with thirty 350 Chm strain gages. A set
of six gages were mounted at five locations along the tubular member as shown in Figure 2.7.
A set of gages was placed at a distance of three member diameters from each end. Another set
was placed 2-ft. from midspan, towards end B to avoid the dent on the damaged specimens.
The other two sets were placed at half the distance between the set near the dent and the set near

the ends. At each location, six strain gages were mounted equally about the circumference of
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the tubular member (as shown in Figure 2.7.). For consistency, the same five locations were

used along the length of the undented specimens.

The locations of all strain gages were carefully documented for data reduction. This was done
prior to the full-scale testing by measuring the circumferential distance from a reference chalk
line on top of the member and the distance from end B of the member. These locations were
then transformed to the x, y, and z coordinate system shown in Figure 2.8 by the program SGL

and later used by the data reduction programs CURVE, CHANGE, and ECC.

Individual members were then placed in the load frame (described in the next section). The
member was held in place by three clip angles spaced at 120 degrees to restrain lateral
movement. The clip angle at the bottom was modified with wings to prevent the member from
rotating out of the frame until the other two clip angles were secured. A schematic of these
angles is shown in Figure 2.9. The jacks were elongated to push the specimen ends flush
against the fixed tailstock and the moveable headstock. Due to the weight of the member which
caused some small initial rotation at the ends, it was virtually impossible to have the specimens
completely flush against the tailstock and headstock. Shimming was needed to achieve full
contact between the specimen and the fixed tailstock and moving headstock. No other restraint

was provided at the ends of the members.

2.3 Full-Scale Testing
2.3.1 Load Frame. The load frame used for the full-scale compression testing has a design

capacity of 1.8 million pounds. A drawing and photograph of the load frame are shown in
Figures 2.10 and 2.11 respectively. The frame consists of three W24X104 members that are
58-ft. in length. These legs are held in place by a fixed headstock and fixed tailstock. There
are three, 300-ton jacks with a four foot stroke that apply the load. The jacks apply the load
through the centroid of a moving headstock which transfers the load to the tubular member, The
end with the moving headstock is designated as end A while the fixed tailstock is designated as

end B.
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2.3.2 Data Acquisiion. The data acquisition system used was developed by Equipment

Development, Houston, Texas, and was specifically designed for Texas A&M University. The
basic components of the system include: 1) power supply, 2) high speed multiplexer, 3) the
FASTBOX, and 4) PC (640 KB RAM) and printer. The multiplexer contains the bridge
completion card for each channel of data and samples each channel (up to 64) to be stored in
the FASTBOX. The FASTBOX stores the data in internal memory (1 MEG) until it can be
downloaded in hexadecimal form to a standard 5-1/4-in. floppy disk where it can be converted
to an ASCII file. A hard copy of all data is also printed at each data step. A photograph of the

data acquisition system is shown in Figure 2.12.

2.3.3 Instrumentation. The 30 strain gages on the specimen, as previously mentioned, measure

the normal strains that occur during the full-scale compression testing. In addition, the legs of
the load frame contain strain gages that are used to measure the applied load. The locations of
the strain gages on the test frame are shown in Figure 2.13. To negate any bending strains, the
gages on diagonally opposite flanges were averaged. For example, the strain readings from
gages 40 and 42 were averaged to obtain the axial strain in leg #2. The sum of strain averages
in all three legs is used to compute the total load in the test frame and specimen. Note, gages

41, 44, and 47 were recorded but not used in the data reduction.

Three, string linear potentiometers (pots) were mounted on the moveable headstock. The string
lines from each pot run the full length of the load frame and are connected to the fixed tailstock.
The data from these pots provide data used to compute the chord shortening of the member and
any rotation of the moveable headstock. Chord shortening is the change in longitudinal distance
between the ends of the tubular member. To monitor the rotation of the ends of the specimen
relative to the load frame, two dial gages were mounted on the specimen at the moving
headstock and fixed tailstock. The gages are located 180 degrees apart so that the average
displacement of the specimen relative to the moving headstock and fixed tailstock can be
measured. An illustration of the dial gage location is shown in Figure 2.14. Dial gage readings
taken at each load step are used to compute end rotations and corrections for the chord

shortening computations during data reduction.
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At three locations along the specimen there are two string pots mounted on the load frame. Two
of these locations are next to the set of strain gages closest to the ends while the remaining
location is near the set of strain gages closest to the middle of the specimen. At each location,
one pot measures the horizontal (x) displacement while the other measures the vertical (v)

displacement.

2.3.4 Test Procedure. A load approximately 10% of the estimated capacity of the specimen

was initially applied to seat the specimen in the load frame and to check all instrumentation.
The stroke of the jacks was then increased at timed increments by a hand controlled, electric
hydraulic pump. At each load all data was displayed on the video monitor of the computer so
that the load, strain, and displacement readings could be monitored. At each load step, the
displacement of the member was allowed to stabilize, as monitored by the end-rotation dial
gages, before any data was recorded. At the initial load steps this would take only a matter of
seconds. At load steps beyond peak load when the specimen experienced large lateral
deflections, this would take more than one minute. Three sets of load, chord shortening, strain,
and displacement data were taken by the FASTBOX data acquisition system at each load step.
The dial gage readings for end rotation were manually taken once per load step. The number
of load steps used for each specimen varied depending on the behavior of the specimen.
However, a minimum of 20 load steps was taken for each specimen. The specimens were
subjected to increasing longitudinal deformation until either the lateral deformations became

excessive (> 12-in.) or continuation of the test posed a safety hazard.

2.3.5 Data Reduction. The data obtained during the full-scale tests was reduced using a series
of data reduction programs. The programs are: COMPRESS, SGL, DISPLAC, CURVE,
CHANGE, and ECC. The computer codes for these programs are presented in Appendix B.

The programs were written as part of a previous research effort, but are applicable to this
research, (Moehlman, 1990). The analytical basis for these programs is presented in Appendices

C and D.

The program COMPRESS converts data from a hexadecimal format to a more useable ASCII

format that is used by most software packages. The program SGL converts the strain gage
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locations recorded in the Iab to the x, y, and z coordinate system used in all remaining data

reduction algorithms.,

The program DISPLAC takes the raw chord shortening data, load data, horizontal and vertical
string pot data, and end rotation data and converts them to total axial load, corrected chord
shortening, and true horizontal and vertical displacement data. As previously discussed, the load
in each leg was computed by multiplying the axial strain in diagonally opposite flange elements
of the leg by the modulus (29,500 ksi) and cross-sectional area of the W24x104. The true chord
shortening was computed by first taking the average value of the three equidistantly spaced string

pot values and then applying the appropriate dial gage correction at each end due to the rotation.

The data obtained from the horizontal and vertical string pots are not true horizontal and vertical
displacements because of the large displacements the specimen experiences during a test. The
vertical string pot measurements include some horizontal components of displacement while the
horizontal measurements include some vertical components of displacement. The two equations

shown below were solved simultaneously to obtain, &, and &,

X, + 8% = (X, + AX)? 2.1)
(Yq + 8% = (Y, + AY)? 2.2)
where:
X, = original length of string extending from horizontal string pot,
Y, = original length of string extending from vertical string pot,

AX = measured horizontal displacement,
AY = measured vertical displacement,
8, = true horizontal displacement, and

8, = true vertical displacement.
The program CURVE determines the effective length of the specimen using the displacement

data (six channels) and strain gage data (thirty channels). The program utilizes a least squares

fit algorithm as detailed in Appendix C. In addition, the program computes the eccentricity of
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the applied load based on the displacement of the member at the points of inflection (zero
moment). The output data from CURVE are input data for the program CHANGE. CHANGE

simply arranges the data into files that are conveniently used as plot files.

The program ECC computes the eccentricity of the applied load based on the end moments as
determined from the curvature data from CURVE and specimen section properties. The details

of this calculation can be found in Appendix D.

2.4 Material Tests

2.4.1 Grout Compression Tests. Grout compression tests were conducted prior to and on the

day of the full-scale tests. Six cylinders (3-in. diameter) were tested to obtain a mean value to
be used in the analytical evaluation. It should be noted that the cylinders were cured under the
same conditions as the grouted members. In order to achieve good loading surfaces, the

cylindrical specimens were capped with plaster of paris.

2.4.2 Tensile Coupon Tests. The equipment used in these tests is manufactured by Soil Test

and specifically designed for concrete/grout cylinder and cube testing. The specific piece of

equipment was a Model #CT-6500 with a capacity of 675,000 pounds.

After the full-scale compression test was completed on a specimen, two 3-in. x 12-in, coupons
were removed from an unyielded portion near the end of the specimen. The coupons were cut
along the longitudinal (z) axis of the specimen. From these, the tensile coupons were machined
to a final configuration as shown in Figure 2.15. This configuration conforms to ASTM E8-88
(ASTM, 1988). The final thickness, T, was determined based on the minimum amount of
material 1o machine the specimen flat. The cross-sectional dimensions were measured and

recorded for later use during the reduction of the tensile test data.

All tensile tests were conducted and all data were reduced according to the procedures of SSRC
Technical Memorandum No. 7 (SSRC, 1988). The tensile coupons were tested using a standard
20 kip MTS extensiometer load frame in stroke control at a rate of 0.2-in. per minute. An MTS

extensiometer, Model No. 632.11B-20, Serial No. 450, with a 1.00-in. gage length was used
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to measure the axial deformations. The extensiometer was used such that the maximum range

was 0.20-in.

Load (stress) and displacement (strain) data were taken at 0.5 second intervals over the duration
of the test. Beyond the yield load, displacement (strain) was held constant at three strain
measurements roughly corresponding to F/E + 0.005, F,/E + 0.010 and FJ/E + 0.015. At
each of these strains, the load was allowed to stabilize for approximately five minutes or until
there was no further apparent decrease in the load. After the test was stopped for the third time,
it was not stopped again until the specimen ruptured. The maximum “stroke" of the
extensiometer {0.20-in.) was exceeded in all tests. The extensiometer was removed when this
occurred, and no further-displacement (strain) data were taken. However, the load was still
recorded at 0.5 second intervals (to obtain ultimate strength) until rupture occurred. The 0.20-
in. displacement (corresponding to a strain of 0.20) is well beyond the range required to obtain

the data needed from this test.

All data from these tests were recorded on standard 5 1/4-in. floppy disks and later input into
a commonly used spreadsheet program. The load/displacement data were converted and plotted
as stress/strain data. The static yield strength, dynamic yield strength, and ultimate strength

were determined for each specimen, as described in the next chapter.
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Figure 2.3. Indentor Frame and Cradle
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Figure 2.4, Indentor Head and Typical Dent for 12.75 in. Specimens
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Figure 2.5. Inflow Apparatus for Grouting
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Figure 2.6. Orientation of Members for Grouting
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Figure 2.11. 1800 kip Load Frame
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Figure 2.12. FASTBOX Data Acquisition System

1) FASTBOX 2) Front end box (multiplexer)
3) Power supply  4) PC and printer
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Table 2.2. Grout Mix

CONTENTS MIX
CEMENT N 846 POUNDS
SAND 2600 POUNDS
WATER 300 POUNDS
SUPERPLASTICIZER 6.75 POUNDS

Notes: 1) Quantities are per cubic yard.
2) Superplasticizer used is Rheobuild

1000 made by Masterbuilder.

3) Water to cement ratio is 0.40.
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3.0 TEST RESULTS

The data collected from the full-scale compression tests described in the previous chapter were
analyzed and presented in graphical form. A complete set of graphs for all specimens is
presented in Appendix A. A summary of these results and a detailed description of the results

from a typical test will be presented in this chapter.

3.1 Typical Test Results
Specimen 04 is considered a "typical” specimen and will be used to present "typical” results.

Specimen 04 was 40.15-ft. in length with a 12.75-in. outside diameter and a 0.25-in. wall
thickness. The specimen had a 5.0 x 10.2 x 36-in. dent at midspan and was fully grouted with
a grout having a compressive strength of 4140 psi. The static and dynamic yield strength of the
steel were 51.8 ksi and 55.1 ksi respectively, while the ultimate strength was 75.0 ksi. The

peak load measured during the full-scale compression test was 411 kips.

3.1.1 Full-Scale Tests. The full-scale compression tests provided data used to determine the

pre-ultimate and post-ultimate behavior of all specimens. From these tests, load, effective
length, chord shortening, horizontal and vertical displacements, load eccentricities, and end

rotation were either measured directly or computed from data taken during the test.

The results obtained from the full-scale compression tests were summarized in ten graphs for
each specimen. These graphs are:

(1) Load and Normalized Midspan Deflection vs. Load Step

(2) Effective Length vs. Load Step

(3) Load vs. Chord Shortening

(4) Horizontal Displacements

(5) Vertical Displacements

{6) x - Eccentricities based on Inflection Points

(7) v - Eccentricities based on Inflection Points

(8) x - Eccentricities based on End Moments

(9) v - Eccentricities based on End Moments

(10) End Rotation and Load vs. Load Step
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The effective length graph shows the results from the least-squares error analysis of the full-scale
strain and displacement data. The derivation and the discussion of this formulation can be found
in Appendix C. The effective length, "kL," is a critical parameter used to calculate the buckling
capacity of members loaded in axial compression. It is dependent on the end conditions and the

behavior of the specimen during the full-scale test. More discussion on the effective length will

be presented in Section 3.1.2.

Shown in Figure 3.1 are the load and normalized deflection versus load step. The normalized
deflection is the resultant (from vertical and horizontal components) midspan deflection divided
by the initial length of the specimen. Using Figure 3.1, a horizontal line is drawn from the
normalized resultant deflection of 0.007 to determine the load step at which buckling occurred.
The value of 0.007 is an accepted value that has been used in previous research to define the
condition of "buckling" (Moehiman, 1990). Based on this, "buckling” occurred at load step 72.
Shown in Figure 3.2 is the graph of effective length-versus-load step. The load step (72), as
determined from Figure 3.1, is used in this figure to determine the effective length factor, K,

at the point of buckling. The K value was determined to be 0.54 for this specimen (04).

Figure 3.3 is the load versus chord shortening relationship for specimen 04. This plot is used
to distinguish between the pre-buckling and the post-buckling behavior of the specimen. The
portion of the graph before maximum axial load is the pre-buckling region and is generally
linear. The portion of the graph after the maximum axial load is the post-buckling region where
the chord shortening increases while the load decreases. The behavior shown in Figure 3.3 is

typical of axially loaded specimens in the pre- and post-buckled region,

At the initial loads shown in Figure 3.3, there appears to be a region of negative chord
shortening. This implies that the specimen increased in length as the compressive load
increased. Obviously, this cannot occur. This contradiction in behavior could have been caused
by the ends of the specimen not being flush against the fixed tailstock or the moving headstock
during the iitial load steps of the test. In computing the "corrected” chord shortening, the dial
gage correction factor at each end, which is calculated from the dial gage data, is subtracted

from the chord shortening data taken from the headstock string pots. If the specimen is not flush
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with the fixed tailstock and moving headstock, the dial gage correction is larger than the string
pot displacements. This would then result in negative chord shortening (or chord lengthening)

values.

The horizontal (x) displacements at three locations along the member are plotted in Figure 3.4
for specimen 04. Locations 1, 2, and 3 refer to the locations 4.00-ft., 22.25-ft., and 36.40-ft.
from end A, respectively. The displacements shown are small (<0.5-in.) prior to peak load.
Beyond peak load the specimen begins to deflect with the maximum horizontal deflection of
-1.60-in. occurring at location 2 (near midspan) at the final load step. As expected, the
horizontal deflections are relatively small when compared to the vertical (y) deflections shown

in Figure 3.5.

In Figure 3.5, the vertical (y) deflections are plotted versus the load for specimen 04. The
locations are the same as those for the horizontal deflections. The maximum vertical deflection
was -13.75-in. and occurred near the midspan (location 2) at the last load step. This behavior
was expected considering the location and orientation of the dent. Also as expected, the
deflections near midspan (location 2) were relatively large compared to those at the locations

nearer the ends (1 and 3),

All specimens were to be centrically loaded. However, eccentricities are invariably introduced
by the end reactions (headstock and tailstock). These eccentricities were calculated based on two
different methods. Both methods utilize the data from the curve fit algorithm described in
Appendix C. One method is based on lateral displacement at the points of inflection, and the
other is based on the moments at the end of the member. The two methods are used so that a

comparison can be made between the computed values,

Method 1 is based on inflection point data. Since an inflection point is a location of zero
moment, the resultant load must pass through the centroid of the cross-section at that point.
Thus, the eccentricity of the resultant Joad is equal to the lateral deflection (x and v) of the

member at the Jocation of the inflection points. The locations of the two inflection points were

3-3



determined in the program CURVE. The x and y deflections were computed at these locations

and used as the eccentricity of the applied load.

Method 2 is based on end moment data. A summary of this formulation can be found in
Appendix D. The end moments were computed at each data step by multiplying the x and y
curvature at each end from the CURVE algorithm by the modulus of elasticity and the moment
of inertia of the specimen. These end moments were then divided by the measured load to

compute the eccentricity of the load. This calculation was performed by the program ECC.

The eccentricities of the applied load as computed from the inflection points are plotted in
Figures 3.6 and 3.7 for specimen 04. Figure 3.6 contains the eccentricities in the x direction,
while Figure 3.7 contains the eccentricities in the y direction. These graphs indicate that the y
eccentricity increased very slightly prior to peak load and then increased rapidly beyond peak
load. This was due to the rotation of the ends away from the headstock and tailstock as the
specimen deflected downward (negative y). Thus, the line of action of the resultant load was
located below the centroid (negative y) of the cross-section. As expected, the X eccentricities

were very small prior to peak load and less than I-in. beyond peak load.

The eccentricities of the applied load as computed from the calculated end moments are
presented in Figures 3.8 and 3.9 for specimen 04. Figure 3.8 contains the eccentricities in the
x direction, and Figure 3.9 contains the eccentricities in the y direction. As shown in these
figures, the y eccentricities are much greater than the x eccentricities due to the fact that the
displacement in the y direction is much greater than that in the x direction. This is consistent
with the behavior and eccentricities as determined by the inflection points. In Figure 3.9, the
y eccentricity (computed from end moments) is greater than 6.375-in. near the end of the test.
This would indicate that the Joad is applied outside the radius of the specimen. In addition, the
eccentricity at the initial load step is approximately 1.00-in. Both of these observations can be
attributed to the initial deflection, end rotation, and end moment created by the dead load of the

member.
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Figure 3.10 presents the end rotation and load versus the load step for specimen 04. This figure
indicates that the end rotations of end A and end B are similar in magnitude but with different
signs. The difference in sign is consistent with the coordinate system. The end rotations at end
A are negative while the end rotations at end B are positive as the specimen deflects downward
(negative y) and the top of the specimen rotates away from the headstock and tailstock. There
is very little end rotation prior to peak load. At peak load the rotation is 0.81 degrees at end
A and 0.41 degrees at end B. Beyond peak load when deflections are increasing, the end
rotations, as expected, also increase. The rotations observed at peak load seem to be consistent

with the "k" value (0.54) computed for specimen 04.

3.1.2 Discussion of End Conditions and Effective Length. The effective length factor, k, is a

critical parameter in any analytical method used to determine the ultimate capacity of a
compression member. This parameter is dependent on the restraint at the ends of the member.
For a member braced against end translation, the theoretical values of k range from 0.5 to 1.0.
If both ends of the member are fully unrestrained against rotation, the k value is 1.0. However,

if both ends are fully restrained against rotation, the k value is 0.5.

In any experimental program it is necessary to determine k so that comparisons can be made
with analytical models. Historically, researchers have used load frames with "ideal,"” "pinned,”
or "fixed" end conditions and assumed k values of either 1.0 or 0.5. However, it is a well-
known fact that even under laboratory conditions, it is impossible to produce such idealized end
conditions. Therefore, it is necessary to determine the effective length (kL) of the compressive

test specimen for the "as-built" end conditions.

To prevent lateral displacement of ends A and B, clip angles were spaced at 120 degrees around
the circumference of the member as shown in Figure 2.9. The ends of the member were butted
tight against the face of the headstock and tailstock. Shims were also used to keep the wbular
member flush against the headstock and tailstock. The member ends were not attached in any

other manner to the load frame.
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3.1.2.1 Experimental Determination of Effective Length. As previously discussed, the effective

length factor, k, was determined by the use of the algorithm in the program, CURVE. The
limits used for k in this program were set at 0.32 and 2.00 so that the theoretical limits of 0.50
and 1.0 were not imposed on the member. A summary of the values obtained for k at peak load
are presented in Table 3.1. These values are determined at the load step where the normalized
midspan deflection is 0.007 (see Figures 3.1 and 3.2). The values for k varied from 0.5 to

0.78, however all but specimen 02 had a k value less than 0.66.

For specimen 02, a grouted, undented tubular member, the calculated effective length was
significantly larger than the other specimens. For specimens 01-04, the end cap was welded to
the inside wall of the member with approximately 1/4-in. of the cap protruding from the end of
the specimen. This resulted in the load being applied through the end caps, through the weld,
to the wall rather than being directly applied to the wall through bearing of the end cap. In
specimen 02, the weld connecting the end cap to the specimen wall failed prior to peak load.
This failure occurred on the bottom portion of the specimen, which concentrated the loading at
the upper portion of the end of the member. The increased loading resulted in some local
yielding in the wall known as "elephant footing," near the end of the specimen. This resulted
in increased rotations at end B, thus creating an end condition indicative of a pinned end
condition. The weld at end A did not fail, thus producing a near fixed condition at that end.

Thus, the k value of 0.78 seems consistent with the behavior of fixed-pinned ends.

With the exception of specimen 02, the other specimens had effective length factors between 0.5
and 0.66 indicating nearly ideal fixed end conditions. The ends of these specimens rotated less
than 1 degree prior to ultimate capacity as monitored by the dial gage readings and chord
shortening data. The k values are directly related to the end rotations exhibited by the specimen.
These end rotations prior to peak load are consistent with the k values obtained for all

specimens.

3.1.2.2. Analytical Determination of Effective Length. To verify the effective length factors

presented in Table 3.1 that were computed from the experimental data by the program CURVE,

a closed form analytical solution was developed to compute k for a compression member with
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non-ideal end conditions. This section contains a brief discussion of the formulation and a
summary of computed k values from the method. The reader is referred to the work by Marek

(1993) for a more complete presentation of this method.

The clip angles at ends A and B of the load frame shown in Figure 2.9 prevent any lateral
displacement. The ends of the member were butted and shimmed tight against the headstock and
tatlstock but were not attached in any other manner to the load frame. Thus, the load frame

ends can be idealized as nontranslating ends with elastic restraints as shown below:

@ @

The rotational stiffness at each end can then be defined by end moments and rotations as:

-M Pe
¢ = 4 . A
0, 0,
3.1
Oy 0p
where:
o,y =  rotational stiffness at ends A and B, respectively (k-in./rad),
Ma.Mp = moment at ends A and B, respectively (k-in.),
P =  axial compressive load (kips),
€y = €y =  eccentricity of load at ends A and B, respectively (in.), and
0,.95 =  rotation at ends A and B, respectively (rad).

Timoshenko and Gere (1961) have developed a solution for a symmetrical member (i.e., equal
rotational stiffness at the ends, « = ). The transcendental equation for this problem is:
tan(u) + 2¢ = 0 3.2)
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where: u = —ﬁ—é (rad),

2
P
B = -2 (in.h,
= (in.™)
L = member length (in.),
£ = {%} {dimensionless),
o
EI . . .
-i— = flexural stiffness of compression member (k-in.),
o = rotational stiffness of both ends (k-in.), and
M
o = —
0

The value for u that satisfies Eqn. 3.2 is the critical value, ucgy, and defines buckling in the

compression member. Now, the critical (buckling) load for a member can be defined by:

P
P, = _E 3.3)
k2
2
where: Pp = i ff = BEuler buckling load (kips)
L

Substituting Eqn. 3.3, 8, and ¢ into Eqn. 3.2, the effective length factor k can be found:

k= —n 3.4)
zuCRIT

where: Ucgyr 1S the solution to Eqn. 3.2.

The procedure to compute k based on this method is:

1} Compute ¢ based on EI/L of the compression number and « = Pe/f for the load
frame.

2) Solve Eqn. 3.2 for ucgyr.
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_—
£ *E

3) Solve Eqn. 3.4 for k.
The difficulty in implementing this procedure occurs in Step 1. To compute ¢, El of the
compression member must be computed. In the case of a dent-damaged/grouted member, four
possibilities exist. EI can be based on the dented or undented cross section assuming either
composite or noncomposite behavior for the steel tube and grout core. In addition, ¢ and 8 must
be determined at the critical load, P_,. The question arises as to whether the values of ¢ and
should be measured at the peak load, P, or at the load in which the normalized midspan
deflection is 0.007, Py 47. To complicate the procedure further, the load frame used in this

research did not have equal rotational stiffpess at ends A and B (i.e., o # v).

The following assumptions were made to compute ¢, and hence the theoretical effective length
factor, Kyygo:
1) An average end rotational stiffness was computed using the load, rotation, and

eccentricities at the load in which the normalized resultant deflection at midspan was
0.007:
2
2 Cave

Yave = Pooor s = Poom ‘—"“}
vE 8, + 6, 0,z
2

2) Composite behavior was assumed for all grouted members. Dented section properties
were used for all damaged members and undented section properties were used for

all undamaged members. The modulus of elasticity used for each material;

Egrour = 57\/f—;j (ksi),
where: jj = compressive strength of the grout (psi).

The values used to compute kyyp are summarized in Table 3.2. Table 3.3 contains a summary
of krgpo, Kexp. and the percent error between the two values. In all specimens the theoretical

effective length factor exceeds the experimentally measured effective length factor
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{Krupo>kexp). On the average, krygpo exceeded kpyp by 22%. There are several reasons
which might explain why this occurred. First, using an average end stiffness, Yaves may
underpredict the effective true end stiffnesses of ends A and B (y, and yg). Secondly, numerous
assumptions had to be made for the values used for P, ¢, e, and I when computing . Changing
these assumptions can significantly change e and the resulting k. Finally, the dead weight
of the member was not considered in the theoretical formulation. The weight of the member
would result in a reduced effective flexural stiffness of the specimen which would result in lower

kTHEO values.

3.1.3 Tensile Coupon Tests. Tensile tests were conducted to determine the static and dynamic

yield stress of each specimen. The final value for each specimen was obtained by averaging the
values from two coupon tests. The modulus of elasticity was not determined since the
extensiometer used did not have the sensitivity required to make this calculation. An accepted
value of the modulus of elasticity for steel (29,500 or 29,000 ksi) was used in all data reduction

calculations.

Figure 3.11 shows the entire stress-strain curve for specimen 04-2 (specimen 04, tensile coupon
2) while Figure 3.12 shows the initial portion of the curve used to determine the static and
dynamic yield stresses. The dynamic yield stress is determined by using the standard 0.2%
offset method. The static yield strength was determined according to the procedure presented
in the SSRC Technical Memorandum No.7 (SSRC, 1988). As previously mentioned, these tests
were performed using standard MTS equipment in a stroke control mode. The tests were
stopped three times at designated strains beyond the yield strain. The strain was held constant
while the load relaxed during these pauses. The testing was first stopped at approximately the
0.2% offset strain. The last two stopping periods occurred at strain levels of approximately
0.007 and 0.012 (prior to strain hardening). These periods were approximately three minutes
in length or until the load stabilized. After the third stopping period, the test was resumed and
continued until the tensile coupon ruptured. As shown in Figure 3.12, the static yield stress was
determined by drawing a line through the minimum stress values in the stress-strain curve

beyond the point of yield. Where this line intersects, the 0.2% offset line defines the static yield
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stress.  The static yield stress and dynamic yield stress were 52.7 and 55.5 ksi respectively for

this tensile coupon.

Rockwell "B" hardness values were taken on the tensile coupons for specimens 01-08. These

results will be discussed later in this chapter.

3.2 Summary of Test Results

Table 3.4 contains a brief summary of the data obtained from the full-scale compression tests.
These data include the peak load, the chord shortening, the horizontal and vertical

displacements, and the effective length. More data are presented in Chapter 4 and Appendix A.

Table 3.5 contains a summary of all material properties obtained from tensile and Rockwell
hardness testing. Note that the values presented in this table are based on the results of two
tensile coupon tests. All specimens with a 0.375-in. wall thickness {specimen nos. 01, 02, 03,
05, 06, 09, 10, 11, and 12) had static yield strengths consistent with API 5L grade B steel (36.1
to 48.6 ksi). However, the thin-walled (t=0.250-in.) specimens (nos. 04, 07, and 08) had
significantly higher static yield strengths (51.8 to 74.2 ksi) than expected. To verify the tensile
coupon results, Rockwell "B" hardness data were taken on the coupons for specimens 01-08.
Figure 3.13 is a plot of the static yield strength versus the Rockwell hardness value for each
specimen. As shown in this figure, the Rockwell hardness values are consistent with the yield

strength values. Using a linear, least squares regression analysis, the equation of the "best fit"

line is:
F, =2.12xRH - 129 3.5
where:
F, = static yield strength (ksi)
and RH = Rockwell B hardness value (no units).

3.3 Discussion of Specimen Behavior - Full-Scale Tests

3.3.1 Common Behavior. All twelve specimens failed in a global buckling mode. Specimen
02 was the only member that exhibited any local buckling. This occurred at the end where the

end cap weld failed. A photograph of typical global buckling is shown in Figure 3.14. The
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undamaged members generally buckled along the entire length of the specimen. Also, the

dented members failed after a hinge had formed in the dent at a load step beyond which peak

load occurred.

All specimens generally exhibited the same behavior prior to peak load. This is shown in the
normalized deflection and end rotation graphs for each specimen (Appendix A). Prior to peak
load the normalized deflection was less than 0.01 and the end rotation was less than 1 degree
for all specimens except specimen no. 02. Again, specimen 02 exhibited unique behavior due

to failure of the welded end caps that is described in the next section.

All specimens exhibited large vertical deflections and relatively small horizontal deflections
beyond peak load. This was caused by the self weight of the member/grout for all members and
the orientation of the dent for damaged members. In addition, specimens 03, 04, 05, 06, 08,
and 09 exhibited classical "snap-through” buckling behavior at peak load. That is, the specimen
exhibited large midspan deflections at a load step just beyond the peak load step. This behavior

is shown in the normalized deflection plots for these specimens in Appendix A.

3.3.2 Unique Behavior. Specimen 02 exhibited unique behavior in that the deflections and end

rotations at ends A and B that were considerably larger than that of the other specimens at peak
load. The weld seam at end B failed in the lower portion of the tube, which resulted in
additional rotation at the end and an overall increase in the vertical deflection. Figure 3.15
shows the failed weld seam in specimen 02. After the end cap weld failed, the load was
transmitted from the tailstock to the wall of the specimen by direct bearing and was not
uniformly distributed over the end of the specimen. Thus, the lower portion of the end (negative
y) of the specimen carried significantly more load than other regions, which resulted in some
local yielding at end B. This phenomenon is termed "elephant footing" because of the bulged
shape of the specimen end after this yielding occurs. Beyond peak load, a region approximately
10-in. in length (measured circumferentially) and within 4-in. of the end of the specimen
"bulged"” approximately 1-in. laterally beyond peak load. The "elephant footing" may have had
some effect on the post-ultimate behavior of the specimen but had no effect on the pre-ultimate

behavior or ultimate capacity.
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Specimen (7, an undented/grouted member, exhibited unique behavior during full-scale testing
prior to peak load. At 450 kips, there was a bond failure between the grout and the steel. This
resulted in an extremely loud "pop" and an immediate 110 kip loss in load. In the load steps
immediately after this event, the specimen began to carry additional load. The specimen
obtained a second peak load of 543 kips before failing in a "snap-through" global buckling
mode. Figure 3,16 is a graph of the load versus normalized midspan behavior. From this graph
it can be seen that the 110 kip loss in load was not due to global buckling because the
normalized midspan deflection was extremely small { <0.001). However, it is unlikely that this
bond failure affected the ultimate capacity of the member. More importantly is the fact that the

member did not have "clean" grout over the entire length of the member.

As previously discussed, there were several problems encountered during the grouting of
specimen (7, The specimen did not receive a good "clean" grout over the entire length as a
result of these problems. A destructive examination of the specimen after full-scale testing
showed that the last 3-ft. of the specimen at end B contained either no grout or an inferior
"chalk-like" grout with little or no compressive strength. Figure 3.17 is a photograph of
specimens 05, 07, and 08 at end B. This figure clearly shows the grouting problem for

specimen 07 when compared to the other two specimens.

This void had two major effects on the pre- and post-ultimate load behavior. First, it is believed
that the void was the origin of the bond failure between the grout and the steel prior to peak
load. In the region where there is a transition from grout and steel to steel only, the stresses
in the grout would be considerably higher than the normal stress due to an abrupt change in axial
stiffness in this region. The void also provided space to accommodate the displaced grout core
after the bond failure. Again, destructive examination of the specimen indicated that there was
some relative longitudinal displacement between the steel and the grout. This relative
displacement was more likely to occur because there was no dent damage. The presence of a
dent would have had a restraining effect on the relative longitudinal displacement between the

grout and the steel.
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Secondly, the void resulted in higher stresses in the steel at end B. In addition, there was not
enough grout to support the walls of the specimen in this region. This resulted in significant
"elephant-footing” at end B beyond peak load near the end of the test. The primary objective
of testing specimen 07 was to determine the increase in strength that can be obtained by grouting
an undamaged specimen. The behavior of specimen 07 is significant because it emphasizes the
importance of grouting the full length of an undamaged member. Although there was some
increase in strength (discussed in next chapter), this increase was not as large as expected due

to the bond failure and local buckling effects caused by the void at end B.

3.3.3 Post-Test Examination of Grouted Members. The grouted specimens (02, 03, 04, 05, 06,
07, 08, 09, and 11) were destructively examined after the full-scale tests were completed. One,
and in most cases, both end caps were removed so that the condition of the grout could be
determined. Portions of the tube wall were removed along the length of specimens 07 and 08

so that the grout could be further examined.

Shown in Table 3.6 is a summary of the data taken during these destructive examinations. The
% Agrou 18 the percentage of the total possible area of the end that was filled with quality grout.
Quality grout is defined as grout that, by visual examination, has the proper mixture of cement
and fines. In addition, the grout could not be easily removed when scraped by a knife. A void

is defined as any area not filled with quality grout.

As can be seen from the data in Table 3.6, there were significant void areas in several of the
specimens. In general, end A did not have air voids but had a significant area in which the
cement had been washed from the fines. In these areas the "grout” could be easily removed by
scraping. End B generally had a significant air void due to water bleed and the resulting

shrinkage of the grout.
It should be noted that specimen 07 had very poor quality grout at both ends. However,

examination of the grout along the length of the member revealed a much better quality than at

the ends. This examination also revealed a significant gap (> 1/16 in.) between the walls of the
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tube and surface of the grout core due to shrinkage. Examination of specimen 08 also revealed

a gap between the grout and the walls of the tube.

The ends of specimens 09 and 11 were completely filled with quality grout (% Agrone = 100).
These 16 in. O.D. specimens were filled using 3-in. diameter nipples rather than the 2-in.
nipples used for the other specimens. It is believed that the high quality of grout obtained in
these specimens was due to the fact that each specimen was pumped full of grout without
interruption. In all other specimens, pumping of the grout was interrupted, then resumed, until
the member was filled with grout. These members generally contained air voids at end B and

areas of poor quality grout at end A.
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Figure 3.14.

Figure 3.15.

Typical Global Buckling
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Figure 3.17. End B of Specimens 05, 07, and 08
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Table 3.1. Effective Length Factor, k.

Specimen No. ] k Value D
01 0.50
02 0.78
03 0.54
04 0.54
05 0.62
06 0.50
07 0.58
08 0.50
09 0.66
10 0.50
i1 0.66
12 0.60

1) Determined at load step for normalized midspan deflection of 0.007.
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Table 3.2. Summary of Values Used to Compute Kyypo

Specimen | Py 407 ervg O ave El o €
No. (kips) (in.) (rad.) (k-in.%) (k-in.) {No units)
1 295 1.30 0.0087 3,741,000 | 44,080 0.1760
2 480 1.30 0.0227 | 11,774,000 | 27,489 0.8882
3 530 1.80 0.0122 8,352,000 78,197 0.2217
4 400 2.50 0.0131 7,482,000 76,336 0.2035
5 630 1.20 0.0131 | 11,774,000 | 57,710 0.4222
6 470 2.10 0.0070 8,352,000 | 141,000 0.1226
7 530 1.20 0.0242 9,541,000 | 26,281 0.7528
8 450 2.50 0.0074 7,482,000 | 152,027 0.1021
9 1140 1.10 0.0057 | 27,028,000 | 220,000 0.2559
10 430 2.30 0.0131 7,656,000 75,496 0.2113
11 600 1.60 0.0114 | 21,054,000 | 84,211 0.5209
12 650 0.50 0.0044 | 16,298,000 | 73,864 0.4597
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Table 3.3. Theoretical and Experimental Effective Length Factors

Specimen
No. Kruro Kpxp % Error
1 0.65 0.50 +30.0
2 0.84 0.78 + 7.7
3 0.67 0.54 +24.1
4 0.66 0.54 +22.2
5 0.75 0.62 +21.0
6 0.60 0.50 +20.0
7 0.82 0.58 +41.4
8 0.59 0.50 +18.0
9 0.69 0.66 + 4.5
10 0.66 0.50 +32.0
11 0.78 0.66 +18.2
12 0.76 0.60 +26.7
Ave. % 22.2
Error (s =
10.1)
% Error - M x 100%
EXP
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Table 3.4, Summary of Results from Full-Scale Tests

Chord Vertical Horizontal
Shortening | Displacements | Displacements

Specimen Pax at Py atP, . at P
No. (kips) | k Value (in.) (in.) (in.)

| 01 324 0.50 0.37 -1.43 0.11
02 506 0.78 0.50 -4 .81 -0.55

03 538 0.54 0.22 -2.93 0.33

04 411 0.54 0.30 -2.91 -0.63

05 677 0.62 0.41 -1.80 -0.05

06 496 0.50 0.51 -2.15 0.99

I 07 543 0.58 0.75 -2.10 0.29
08 458 0.50 0.28 -2.85 -0.30

09 1479 0.66 0.65 -0.95 1.13

10 443 0.50 0.47 -2.59 -0.34

11 598 0.66 0.32 -3.70 0.60

i2 772 0.60 0.61 -0.49 1.26
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Table 3.5. Summary of Specimen Material Properties

Specimen | Static Yield! | Dynamic Yield” | Ultimate Strength" | Rockwell
No. Strength (ksi) Strength (ksi) (ksi) Hardness
01 38.9 42.1 64.7 78.4
02 36.5 40.1 65.4 79.9
03 37.8 41.2 66.7 78.0
04 51.8 55.1 75.0 84.8
05 40.4 43.7 65.6 79.4
06 36.1 39.6 62.9 76.8
07 74.2 77.9 94.1 94.9
08 65.9 69.7 85.2 92.1
09 44.0 48.0 68.3 NT
10 42.7 46.2 69.0 NT
11 40.8 45.2 ' 67.1 NT

7 12 46.1 48.6 69.7 NT
Notes:

1) Average value based on the results of two tensile coupon specimens.
2) NT - Rockwell test not conducted on these specimens.
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Table 3.6. Summary of Grout Quality at Specimen Ends

3)

4)
5)

iD

A

core

where: A= -Z-.(m)z,

void

inside diameter of specimen,
area not filled with quality grout.

Void is the area not containing quality grout.

Void types :

A
S
PG

= gir
sand

poor quality grout

End A End B
Specimen ) :
No. PeA yrout Void Type ToAgrout Void Type
W
02 95 A 100 -
03 74 PG 76 APG
04 80 PG 77 A PG
0s 83 PG 100 -
06 87 PG 94 A
o7 0 S 29 A
08 100 - 87 A
09 100 - 100 -
i1 100 - 100 -
Notes: 1) End A is the end at which the grout entered while end B
is the end at which the grout exited during the pumping
operation.
A - A
) %Agoy = 22 % 100%

Air void at end A of specimen 02 extends inward 7 in.

Voids at end B generally extend inward 8-12 in. from the
end. Exceptions: Void in specimens 07 and 08 extend 48
in. and 36 in., respectively.
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4.0 ANALYSIS OF RESULTS

The analysis of the data is divided into two tasks. First, the experimental ultimate capacity of

all members is compared to the capacity of ungrouted, undamaged tubular members with the
same physical and material properties. This is done to determine; 1) if grout can restore the
strength of the damaged member to the design capacity of the ungrouted, undamaged member
and 2) the increase in strength that can be obtained by grouting an undamaged member.
Secondly, the experimental ultimate capacity of all members is compared to the capacity
predicted by different analytical methods. This is done to determine how accurate each

analytical method is in predicting the capacity of the various members.

4.1 Comparison of Experimental Ultimate Capacities with Predicted Ultimate Capacities

The ultimate capacities for all the members tested in the experimental program were calculated
using the Cox-LRFD method with and without the correction for bending moment. The Cox-
LRFD formula is used for comparison purposes because it was developed specifically for steel
tubular members and is a widely accepted method for determining the buckling capacity of
undamaged, ungrouted steel tubular members. Thus, the capacities calculated using the Cox
formula is assumed to best represent the initial design capacity of undamaged, ungrouted
members. The various methods used in this research for determining the analytical ultimate

capacities for the test specimens are summarized in Table 4.1.

All the analytical methods shown in Table 4.1 require input of general geometric and material
properties such as: length, diameter, wall thickness, effective length, yield strength and modulus
of elasticity for steel, and compressive strength and modulus of elasticity for grout (when
applicable). The analytical methods for dented members also require input of dent depth and
length (when applicable). A summary of all properties used in the various analytical models is

presented in Table 4.2,

4.1.1 Discussion of the Analytical Formulations. In the following discussion of the various

analytical models, all factors of safety, resistance factors, etc., have been assumed to be 1.0
since the ultimate capacity is the value of interest. The reader should refer to the reference

given for each method to obtain the appropriate reduction factor(s) and design strengths.
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4.1.1.1 Cox-LRFD Equation. The Cox-LRFD equation was developed to determine the

ultimate capacity of undamaged, ungrouted members assuming that they are subjected only to
axial load. The equation was developed by John W. Cox at TERA, Inc., as part of a project
for the American Petroleum Institute. The equation is an empirical formula based on the results
of 17 pipe column tests (Cox, 1987). It is currently being adopted into the latest API standard

practice for offshore platforms, API RP 2A. The ultimate capacity is determined by:

P, = (1.03 - 0.241%P, 4.1)
where A = slenderness parameter
- 5
rn\ E
P, = FA,
where A, = the cross-sectional area
F, = yield strength of steel

E = modulus of elasticity for steel (29,000 ksi)
kL = effective length of member

r == radius of gyration

The formula includes the effects of all geometric properties, (L, r, A), material properties, (Fy,
E), and end conditions, (k). Therefore, it is a formula that can be used to compare the
experimental capacity of members with different end conditions, geometric properties, and
material properties. Again, the Cox formula is valid for pure axial loadings only (i.e., no

bending moment).

All specimens in this research were tested in a horizontal position. Thus, moment was created
due to the self weight of the member. In the grouted members, this moment is quite significant.
In addition, moment due to the eccentricity of the applied load was also present in all members
tested. To determine the capacity of the members with the reduction caused by these moments,
the LRFD-Cox equation was used in conjunction with the AISC-LRFD interaction formula

(AISC, 1986). The ultimate capacity was determined by solving Eqn. 4.2 iteratively for P,

4-2



where P,

where P,

X

MUECC

MuDEAD

where Ch

where  Pg,

CEND

i

P M
cuy 8. < 1.00
P, 9M.

n

ultimate capacity corrected for the effects of bending
(1.03 - 062432)}?;143

ultimate capacity neglecting the effects of bending
i | F
rn\ E

FZ

full plastic moment capacity

Bi(Mypgan + Mygce)

end moment caused by eccentricity of load

moment due to member weight

B, = Co
17 Pu
| .
Pe
1.0
P = Ang
e Az

Migce = Prgeenp
experimentally measured peak load
2

2

eccentricity of load at end A

eccentricity of load at end B

2
M _ Wppaphe
uDFEAD 8
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Wpgap = member weight per unit length

The ultimate capacity for all members was computed based on the Cox formula with (Eqn. 4.2
and without (Eqn. 4.1) correction for bending moment. These capacities were used to
"normalize” the experimental capacities (i.e., account for different F},, kKL, etc.) so that

comparisons of the data could be made.

4.1.1.2 Taby Method. The ultimate capacity of the dented, ungrouted tubular members
was calculated by the Taby method (Taby 1981, 1985). This method is derived based on simple
beam theory. An example of the dent geometry assumed for this method is shown in Figure
4.1. Behavior of the specimen is assumed to occur in three phases: 1) first yield in the dent,
2) full plastification over the dented cross section, and 3) post-ultimate or collapse behavior.
After plastification of the dent occurs, it is assumed not to carry additional load. Failure occurs
at full plastification over the dented cross section; therefore, the plastification yield criterion is

assumed. An iterative solution is needed to determine this ultimate capacity.

Taby 1981: In 1981, Taby published the first paper concerning his model for dented

tubular members. The ultimate capacity is determined by:

P, =P, + AP, 4.6)
where P, = ultimate capacity
P, = load required to form a fully plastic hinge at the dent
AP = the increase of the load above P o
D=0D-
where D = the diameter to the mid-thickness of the member wall

0.D. = the outside diameter
t = the wall thickness
R=D72

where R = the radius to the mid-thickness of the member wall



where

where

where

where

where

@ = arccos|l ~ -2
R

= the angle shown in Figure 4.1

= dent depth

a - R sin{e)
-

= the distance between the centroid of the undamaged section and the

centroid of the damaged section.

= R(E—iﬁg@- - cos(a))
o

= the distance shown in Figure 4.1

P, = nDto, 4.7)

== the fully plastic compressive strength of the member

= the static yield stress of the steel

1)

w = P

I - R%(n - « - sin(x) cos(e) - 3«-339-2-(-92]
L + 4

I™ = the moment of inertia of the dented region about the neutral axis

EIZJ{IAP“
8, = M
EI"{I + -}.]

12
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i

where

where

where

where

where

where

I

12

l

&

l

»5d

PE”

mf

Z*

the deflection at the middle of the dent caused by the eccentricity of

the Joad at the middle of the dent
modulus of elasticity for steel (29,000 ksi)

= the lengths as shown in Figure 4.2

n*EI
(kLY

P, =

the Euler buckling load

the effective length factor

Yy = PP,

i ol
kL 2
¢ = in

5
20, + I, kL

a correction factor in the event the dent is not at midspan

1, if the dent is at midspan

a magnification factor
1, if the dent is at midspan

& = &, mf

the total deflection at the center of the dent at peak load

zr -1
a + Reos(a)

the section modulus of the pipe in the dented region
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A® = Dt(n - a)

where A" = the effective area in the dented region

P
ap| Ll .29 +Pdp{5 xoy1~—@] 4.9)
A* Z* \Z* Pp/

Taby 1985: In 1985, Taby refined his earlier model to account for Iocal buckling (D/t)

effects. The ultimate capacity, P, is obtained by solving the quadratic equation:

o - bu Bla+® [(F, M, 4.10)
> A4 W AW

where A = n(0.D?-1LDY/4
W, = 21/0.D.
D=0D.-t
where D = the diameter to the mid-thickness of the steel
0.D. = the outside diameter

t = the pipe’s wall thickness

o = arceos|] - —=
D

where o = the angle shown in Figure 4.1

dy = dent depth

N = B(M —- COS(C\‘I)]
21 «a

where n = the distance shown in Figure 4.1
If D/t > 50
F, = cy[)a[‘zinz + 2 - 2;}} 4.11)



If D/t < 50

where Fyo =

p

o, =
where Ay =
where 4 =

where Mgo iy =

where Fy . =

F, = 80tcya[g/4n2 w t* - 211} 4.12)

the force which causes a fully plastic hinge to form at the dent

the static yield stress of the steel

Ad = Dot

the area of the dented portion of the cross section

- D sin ()
2(n - a)

the distance between the centroid of the undamaged section and the

centroid of the damaged section

My = 6,4,D2 - ¢ + a) 4.13)

the maximum plastic moment that can develop at the hinge

F . Mdpmax

dpmaxwg_e{.a-*n 414)
2

the maximum load that can occur at the dent

IfFyy > Fapmax: then set Fy, = Fyop,

where My, =

1" = W(‘ﬁ: - o - sin{e)cos{a) -

where " =

(2..e+a+n) 4.15)
2

the plastic moment at the dented section

D% 2sén2(a))

T - &

8

the moment of inertia of the dented region about the neutral axis
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where Pp

where C

Iplyly

'
where 5,

Pu
I

g

E

where O.D.

1.D.

where &
8

‘El"
Py = T
(kL)

the Euler buckling load

the effective length factor

ld
T2 s Y 4.16)
C = sin
20, + Zd kL

a correction factor in the event the dent is not at midspan
the distances shown in Figure 4.2
1 if the dent is at midspan

5 - (4 -1pl,(Pa - My) 417
e EI(1 + 1j1)

the lateral deflection caused by the eccentricity of the load

the ultimate load
the moment of inertia of the undamaged cross section

modulus of elasticity for steel (29,000 ksi)
I = =(0O.D* - ID*/64

outside diameter

mside diameter

4.18)

the total deflection at the dent at peak load

the imitial out-of-straightness of the dent
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4.1.1.3 Ellinas Method. The ultimate capacity of the dented, ungrouted members was also

computed by a method developed by Ellinas. Ellinas also uses simple beam theory to model the
tubular member (Ellinas, 1984). The main difference between the Taby method and the Ellinas
method is that the Ellinas method assumes "failure” when the maximum stress at the dent
reaches the yield stress. The dent geometry assumed for this method is shown in Figure 4.3,
After yicld, the member is replaced with a beam-column section with reduced section properties.
This method tends to underpredict the capacity due to the failure criterion used. The ultimate

load P, is determined by substituting the applicable root of Eqn. 4.19 into Eqn. 4.20.

o’ A.e Ae
__f‘,m1+aA,d+ dd+£zau+p v O, 44l .9 4.19)
a, Z, o, Y Z,
o, = stress at ultimate load, P,
w = 0,4 4.20)

A = area of undented section
= Dt
D= 0.D.t

r = radius of gyration of undamaged region

JO.D? + ID?

4
o, = the Euler buckling stress
w2 Er?
g, =
(*kLY

d, = initial out-of-straightness

Ay = %9 (0 in radians)

&, = dimensionless dent depth parameter =

SR

dy = dent depth
Ifs, = 0.2
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If 8,

= 27 - 2arcsin(2 3,1 - éd))
< (.2
= 2n - 4\/5;
o dﬂ
B
< 0.0015
g
= 0.001167 + 0.875(“-’3)
E
> 0.0015
= /2 5, - 0.000954 + 0.875(%2’.)
= “{)—?2 }E 82 + L ’ - f_a,ﬂ
t 9 d D 3
= 5L _gon | E
?’d oy
= gtatic yield stress
) 8sin?( 2
D1 sin® 2
= e jd] o+ -
2 2 0 82
r -
8si 28
0 + sind - 2
_. D% 9
8 2e
1 - Eﬁd 4
D
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4.1.1.4. Zhou Method. The ultimate capacity of the dented, ungrouted members was also
computed by a method developed by Zhou. The Zhou method uses the full plastification yield
criterion in the same manner as the Taby method (Zhou, 1991). The dent geometry used by the
Taby method, as shown in Figure 4.1, is also used by Zhou. This method incorporates a
different ultimate load interaction relationship between axial load and bending moment than the
Taby or Ellinas methods. However, the Zhou method does use the same three phases of

specimen behavior and geometric cross section used by the Taby method. This method has been

found in previous research to most accurately predict the capacity of specimens with small dent

depth to diameter ratios (d/D<0.15) (Ritter, 1992). The ultimate capacity is determined by

substituting the appropriate root of Eqn. 4.21 into Eqn. 4.22.

A[cu(do + ed) - Upded] ted(ncu - aopd)

o P
M1 - -2 ?
o, 4.21)
tD - i
cos|® 5 TGO, - @0 )] sine 0
2 2P, 2
o, = stress at ultimate load, P,
P, = o, A 4.22)
where A= Dt
D=0D. -t

d,
o = arccos]l - 22
D

d; = dent depth
= D2
M, =D ta,

= full plastic moment capacity
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4.1.1.5 ACI Method.

yield stress

nDto ¥

full plastic axial capacity

D { sin(a)
2 o

- cos(a))

o Van? + &7 - 2n)ye

Dsin(a)
2(r - @)

w2 Er?

(kLY?

O.D? + ID2
4

For the grouted, undamaged tubular members, the capacity was

calculated using the American Concrete Institute composite method (ACI, 1989). This method

was used for the undamaged, grouted members since they behave as composite columns. The

Euler buckling equation with a modified EI is used to predict the ultimate capacity. It is not,

however, valid in the inelastic range. P, is computed by:

where E1

2
P, = neEl
(kL)*
Eclg
5 * E.S'It
I+ Bd

moment of inertia of the grout core

T 4
1 (I.D.)

momen of inertia of the stee] tube

I (O.D* - IDH
64
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i

modulus of elasticity of the grout

modulus of elasticity of the steel

B4 is the ratio of the maximum factored dead load moment to maximum factored total Ioad

moment and is used to account for long term creep effects due to dead load. By was assumed

to be 0 since there were no long term creep effects for any of the specimens tested.

4.1.1.6 Parsanejad Method 1. For dented, grouted tubular members, the first analytical method

considered was developed by S. Parsanejad (Parsancjad, 1987).

In this method the dent

geometry used is the same as used by Taby and is shown in Figure 4.1. The response of the

entire member is modeled as a beam column with uniform cross-sectional properties represented

by the dented zone. It is also assumed that the grout and the steel tube remain fully bonded at

ultimate load. The ultimate capacity is determined by solving for o, in the quadratic equation,

Eqn. 4.24, and substituting the appropriate root into Eqn. 4.25.

where k

and:

2
i‘i - 1+k+mﬂi‘.+ﬁm{)
o, A2 o, A

Af s K| A
nr, \ E, A:

transformed cross section of the dent

transformed cross-sectional area of undamaged section

section modulus of the transformed section at the dent,

transformed radius of gyration of the dent,

ecc + & + e

load eccentricity

effective length factor

out of straightness

4-14
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2 .2
A, = area of grout = Ew(ﬁ - g v G
4 2

A, = area of steel = D¢

D, .
g, = ——(sina - acosa)
2n
_ (Dsina)?
€ = et
124

&

o = arccosi] - —2
D

where dy = dent depth
o = angle shown in Figure 4.1
n = EJ/E,
where n = modular ratio
E; = modulus of elasticity for steel (29000 ksi)

E, = modulus of elasticity for grout

A, = A, + £
n
3 - : S 2
I = Dtln - &  sin(a) + acostu - (sina - acosa)
4 2 4 n
where I; = the moment of inertia of the steel in the dented region
4 : F Y6
[ - b T - o+ sinda)}  (Dsina)
£ 64 4 144 4,
where I, = the moment of inertia of the grout in the dented region
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- I 2 Ag 2
I =1 + Ig/n +Ale, ~e) + «—;(eg -e)

where I, = the transformed moment of inertia at the dent

where ry = the transformed radius of gyration of the member at the dent

nD?

A, = A, +
r 5 4-?1

P, = o ,A, 4.25)

4.1.1.7 Parsanejad Method 2. S. Parsanejad presented a method in 1988 that was published

in 1990 for partially filled grouted members (Parsanejad, 1990). This method defines the
ultimate load by the intersection of the pre-ultimate behavior curve and the post-ultimate
behavior curve. This is determined by plotting the lateral deflection versus the ratio of the
applied load to the load determined by the yield stress. This is different from the simple beam
theory as presented in the previous analytical method by S. Parsanejad which assumes a first
yield failure criterion. It is also assumed that the grout supports the dented region and allows
the steel section to reach and retain the full plastic moment capacity. Eqn. 4.26 is iteratively

solved to obtain P,

I P
2sm;-2—-i -~ e (sine - ;cose)
k , | y 4.29)
P P
1~ E)2 2n—=
P, P
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where o = a,rccos(l - ZE)
D
?), = ﬁDtcy
K= o
D
D =0D -t

€ = ecc + 0 + e
e, = eccentricity of the member caused by the dent
& = initial out of straightness

ecc = external eccentricity of the applied load

>
i
Jole

T’.’zESI
(k1?

£

where P, = the Euler buckling load

il

K = the effective length factor
Ao Ay n, A, B LG T, ey, e, €, I, are the same as in the Parsanejad Method 1.
!
I, = nD%/8
where I; = the moment of inertia of the ungrouted, undamaged steel section
/
I=(L0 + L - L))
where I = length of pipe

l; = length of grout
I = the member’s effective moment of inertia

I = I, if the member is fully grouted

4.1.1.8 Parsanejad Method 3. Finally, a third method was proposed by S. Parsanejad in 1988

and is very similar to the method presented in 1987 (Parsanejad, 1988). This method assumes

that the response of the damaged member can be better represented by an equivalent uniform
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bending rigidity along the length of the member. In the previous methods by Parsanejad, the
bending rigidity of the dent was used for the entire length of the tubular member. In addition,
this method also assumes that the bonding between the grout and the steel tubular has failed at

ultimate load. The ultimate load is found by substituting the appropriate root from Egn. 4.27
into Eqn. 4.28.
5 .
Zul C{ k0 %) Ly 4.27)
o, A2 o, A2

! . . .
A, o, Ag, n, A, Ig, I, I, € € €y, IL;, and I are defined the same as in the previous

Parsanejad methods. Now,

where Z; = the section modulus of the steel at the dented region
r fuoed ._{_S.
5
AS
where ry = the radius of gyration of the steel at the dented region
r=r .!.
5
IS
where r = the member’s effective radius of gyration
n?E r?
&
o, =
(K1)?

g = ecc + & + e

&)
}L: —

o,

et
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k = Age/Z,

4.28)

s

4.1.1.9 Poston Method. The ultimate capacity of specimen nos. 01-08 were predicted by a

method developed by Poston. The Poston method was developed by Dr. Randall W, Poston for
nonlinear analysis of reinforced concrete beam-columns subjected to static loads (Poston, 1986).
This method is implemented through the computer program, PIER. The members were modeled
with a concrete core and continuous spiral reinforcement with 0.01 inches of concrete cover.
The value of 0.01 was assumed as a negligible thickness of concrete cover since a value of zero
is not a valid option for the program. In addition, it was assumed that there was no debonding
between the grout and the steel tubular prior to ultimate load. Reduced section properties based
on the dent profiles shown in Figures 2.1 and 2.2 were used in the dented regions of the
damaged members. In order to initiate buckling, an initial transverse deflection had to be
assumed at midspan for the specimen. Table 4.3 presents the various deflections assumed for
each specimen. The assumed deflections correspond to the measured initial out-of-straightness
values for each member. Dr. Poston and his colleagues at Schupack-Suarez Engineering, Inc.,
S. Norwalk, CT, performed all the analyses with the PIER program. The Poston method was
not used to predict the capacities of specimens 09-12. By the time these specimens were tested,

Dr. Poston was not available to perform the analysis.

4.2 Evaluation of Experimental Results.

A summary of all test specimen properties used for the determination of P, by the Cox formula
is shown in Table 4.4. A summary of the computed Pg,, values with (Egn. 4.2) and without
(Egn. 4.1) moment correction (interaction) is shown in Table 4.5. The experimental ultimate
capacities are plotted against the LRFD-Cox ultimate capacities without bending moment
correction in Figure 4.4 and with bending moment correction in Figure 4.5. It is clear when
comparing the two graphs, (Figures 4.4 and 4.5), and also the values given on Table 4.5 that
bending moment generally decreases the ultimate axial capacity. This decrease in the ultimate

axial capacity due to the moments is as expected based on the interaction defined by Egn. 4.2,

4-19



In the following sections, the most significant findings of the experimental program will be
presented. In these sections, the analysis of the data will be based on the ultimate capacities
computed by the Cox-LRFD formula with the correction for moment interaction. It is
assumed that these values most correctly represent the ultimate axial capacity of the
members in an undamaged, ungrouted condition. Specimen 12 was the only undamaged,
ungrouted member tested in the program. The Ppyp/Prox value for this specimen is 1.14 which
indicates that the Cox-LRFD formula provides a reasonable lower bound valte for the capacity

of these members.

4.2.1 Effect of Dent Damage. As previously mentioned, all specimens were dented to a dent

depth to diameter ratio of approximately 0.40 (/D = 0.40). Specimens 01 (D = 12.75-in.) and
10 (D = 16.00-in.) were the only two ungrouted, dented specimens tested. The Pp /Py ratios
for these specimens were 0.76 and 0.62 respectively. This indicates that the dents reduced the

capacity of these members 24% and 38% respectively.

4.2.2 Effect of Groutine Undamased Members. Specimens 02, 05, 07, and 09 were the

grouted, undamaged members tested. The experimental ultimate capacity of specimen 07 is
suspect for the reason discussed in Chapter 3 and will not be included in this discussion. The
Pryp/Peoy ratios for specimens 02, 05, and 09 were 1.79, 1.57, and 2.04. Based on this data,

the grout provided a minimum increase in capacity of 57% in the undamaged members.

4.2.3 Effect of Grouting Dented Members. Specimens 03 & 06 (D/t = 34.0), 04 & 08 (D/t
= 51.0), and 11 (D/t = 42.7) were the dented/grouted members tested. The Pgy /Py ratios

for these members were 1.46, 1.45, 1.32, 1.36, and 1.15 respectively. These ratios indicate

that the grout can compensate for the loss in capacity due to the dent damage and restore the

strength to a Jevel that exceeds the original design capacity of the member.

When comparing the Ppyo/Peoy ratios for these members to the ratios of identical

dented/ungrouted members, specimens 01 (D/t = 34.0) and 10 (D/t = 42.7), there is very

. . . : . . P JP.)
significant increase in capacity. Computing the ratio, il P cor)penseaiGrouea , for each set of
Expl PCax)Denwd/ Ungrouted
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specimens indicates that the grout increases the strength from 83% to 85% in the dent-damaged

members,

4.2.4 Effect of D/t. The D/t ratios for the specimens tested (34.0, 42.7, and 51.0) were less
than 60 where any local buckling effects would not be expected. No local buckling failures were
observed during any of the tests. The Pg, /P, ratios are presented in Tables 4.6 & 4.7 for
undented/grouted and dented/grouted members respectively. Based on the values presented in
Table 4.7, it appears that D/t has little effect on the increase in strength provided by the grout
in the dented members. The same cannot be concluded for the undented/grouted members based
on the values presented in Table 4.6. Since the Py, value for specimen 07 is suspect (for
reasons previously discussed), there is insufficient data to make any broad based conclusions

about the effect of D/t on the capacity of these members.

4.2.5 Replicate Tests. Three replicate tests (05, 06, & 08) were conducted on three of the

first four specimens (02, 03, & 04) tested. This was done to verify the results obtained from
these initial tests. Table 4.8 summarizes the results. Again, the Pgyp/Pcox values were used as
the basis for comparison because Pc,, accounts for different effective length (kL) and yield
strength (Fy) values. As can be seen from Table 4.8, the maximum difference in replicate tests
for Pg,p/Peoy ratios is 13.1%. This difference is within an acceptable limit considering the
tolerances on all the variables (i.e., dent depth, grout strength, yield strength, etc.) that must
be duplicated in these tests. Therefore, it is concluded that the results from specimens 05, 06,

and 08 replicate and validate the results from specimens 02, 03, and 04.

4.3 Accuracy of Analvtical Methods.

The ultimate capacity of each specimen was predicted by the applicable method(s) discussed in
section 4.1.1. A summary of these methods is presented in Table 4.1. The section/material
properties used in these calculations are summarized in Table 4.2, In the following sections the

accuracy of these methods will be evaluated based on the results from the experimental program.

4.3.1 Dented/Ungrouted Members. The ultimate capacities of specimens 01 and 10 were

computed by the Zhou, Taby, Poston, and Ellinas methods. A summary of these results is
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shown in Table 4.9. The capacity of specimen 10 was not computed by the Poston method for
reasons previously discussed. The data presented in Table 4.9 shows that the Ellinas, Zhou, and
1981 Taby methods provide extremely conservative predicted ultimate strength values. In the
extreme case, the predicted capacity was 1/4 of the capacity determined experimentally (Ellinas,
specimen 10). In all cases, these methods predicted capacities that were less than 1/3 the

experimental capacity.

The Poston and 1985 Taby methods provided conservative but somewhat more reasonable
predicted capacities. Both of these methods provided capacities within 10% of the experimental
capacity for specimen 01. The 1985 Taby method, however, produced an ultimate capacity that
was 74% less than the experimental capacity for specimen 10. This method has been
implemented into a computer program called DENTA (Taby 1988). This program has been
shown to provide capacities that agree very well with experimentally measured capacities
(Ricles, et al., 1993) and is widely accepted as one of the better analytical methods for
determining the strength of dent-damaged members. It should be noted that Taby’s method is
based on transverse dents and the geometry shown in Figure 4.1. The method is also limited
to dent-depth to diameter ratios of 0.30 (d/D<0.30). The dents used in this study are
longitudinal, with d/D = 0.40, and the geometry shown in Figures 2.1, 2.2, 2.3, and 2.4,
These dents appear to be much "stiffer” than the assumed dent in the Taby method which could

account for differences between the measured and predicted values shown in Table 4.9

4.3.2 Undamaged/Grouted Members. The ultimate capacities of the grouted, undamaged

specimens, (02, 05, 07, and 09), were computed by the ACI and Poston methods. A summary
of the predicted strengths is presented in Table 4.10. The ACI method consistently provided
capacities that were larger than the experimental capacity. In the extreme case (specimen 05),
the predicted capacity was 31% greater than the experimental capacity. This is due to the fact
that the ACI method uses Euler’s formula which is only valid for elastic buckling. All of the
undamaged/grouted specimens tested failed at an ultimate load that resulted in inelastic behavior

of the steel tube. Thus, the ACI formula may not be valid for these members.
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The Poston method also overpredicted the experimental capacity of specimen 01 (by 1%) and
specimen 07 (by 15%). However, it is not surprising that the method would not accurately
predict the capacity of specimen 07 since the model used by Poston did not account for the poor

quality of grout that existed in this member.

In the case of specimen 035, this method underpredicted the experimental capacity by 23%. In
general, it is expected that the Poston method would provide lower bound values reasonably
close to the experimental values. This is due to the fact that the model used is much more
refined than the ACI method in that it accounts for the inelastic behavior of the member and

more accurately models the confining effect of the steel on the grout.

4.3.3 Dented/Grouted Members. The capacities of the grouted, damaged tubular members

(specimens 03, 04, 06, 08, and 11) were computed using the three Parsanejad methods (1987,
1988, 1990) and the Poston method. A summary of these calculations is shown in Table 4.11.
All of the methods proposed by Parsanejad consistently provided capacities that were less than
the experimental capacities. For all specimens, the 1988 and 1990 methods produced capacities
less than 1/2 of the experimental capacities. In the extreme case, the capacity was
underpredicted by 159% (1988, specimen 11). The 1987 method provided conservative, but
somewhat more reasonable, lower bound ultimate capacities. Again, it should be mentioned that
Parsanejad’s method is based on the sharp, transverse dent geometry shown in Figure 4.1. The
dents used in this study (shown in Figures 2.1-2.4) are longitudinal and appear to be much
"stiffer” than assumed by Parsanejad. This could account for the rather large difference in

predicted and experimental capacities.

The Poston method proved to accurately predict the capacities of specimens 03 and 04, although
it overpredicted the capacity of specimen 04 by 4%. However, the method was conservative
(underpredicted by 24 %) for specimen 06 and unconservative for specimen 08 (overpredicted
by 21%). However, the difference in predicted and measured capacities of specimen 08 may
be explained by the fact that Poston used an initial out-of-straightness of 1.25 in. when the actual

member out-of-straightness was 2.00 in. This indicates that the Poston method, while generally
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more accurate and less conservative than the Parsanejad’s methods, may provide unconservative

capacities for some members.

4.4 Comparison of Experimental Ultimate Capacities  with  Desien Capacities of

Undamaged/Unerouted Members.

In Section 4.2 of this chapter, comparisons were made between the experimentally measured
ultimate capacities with the capacities of undamaged/ungrouted (pristine) members. The Cox-
LRFD formula, 4.1, was used in conjunction with the AISC-LRFD interaction equation, 4.2,
using the actual static yield strength, F,, from tensile coupon tests, to obtain the predicted
ultimate capacity of a pristine member. The yield strength values, F,, used and the ultimate

capacities obtained, are again presented in Table 4.12.

As can be seen in Table 4.12, the actual yield strength of all specimens exceeded the nominal
35 ksi yield strength specified for API 5L Gr. B steel. The capacity of each member was
computed again using the Cox and AISC formulas, except the nominal yield strength (35 ksi)
was used instead of the actual yield strength. These values are presented on Table 4.12 and are
the true design capacities of the members (excluding the resistance factor). Also presented in
Table 4.12 are the (Py,,/P(,,) ratios using the actual and nominal values for F,. As expected,
the (Ppyp/Pc,y) ratio based on nominal Fy values is, in some specimens, significantly larger than
the ratio based on actual F, values. The ratio (Ppy,/Pco, Nominal F,) is a measure of the true
reserve capacity of the member over its design capacity. For the grouted specimens, this reserve
ranged from 35% to 228%. If a resistance factor of 0.85 or 0.90 is used in the design of the

member, the reserve capacity is even greater.

Presented in Table 4.13 is the static tensile yield capacity, Py, of each specimen. This value
excludes any local buckling effects, elastic or inelastic global buckling, etc., and represents the
maximum (upper bound) yield capacity of the member. Also shown in Table 4.13 is the ratio
(Pexp/Py). These values represent the ratio of the measured capacity to the maximum possible
capacity of the member. For the grouted specimens, this percentage varies from 29% below to

83% above the yield capacity.
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Table 4.1. Analytical Method Summary

Specimen No. | Specimen Parameters l Analytical Methods

ALL LRFD-Cox w/ and w/o bending correction
01 Dented/Ungrouted Taby, Ellinas, Zhou, and Poston

i 02,0507 Undented/Grouted ACI and Poston
06 Dented/Grouted Poston

03,04,08 Dented/Grouted Parsanejad - 1987, 1988, 1990, and Poston

10 Dented/Ungrouted Taby, Ellinas, and Zhou

i 09 Undented/Grouted ACI

" 11 Dented/Grouted Parsanejad - 1987, 1988, and 1990
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Table 4.2, Specimen Properties Used in Analytical

Ultimate Capacities
Wall® Yield Effective
Specimen | Length | Diameter® | Thickness Strength Length
No. (ft.) ) (in.) (ksi) Factor
{in.)
U ST S A
019 40.19 12.75 0.375 38.9 0.50
02 40.19 12.75 0.375 36.5 0.78
039 40.15 12.75 0.375 37.8 0.54
044 40.15 12.75 0.250 51.8 0.54
05 40.27 12.75 0.375 40.4 0.62
064 40.25 12.75 0.375 36.1 0.50
07 40.21 12.75 0.250 74.2 0.58
084 40.19 12.75 0.250 65.9 0.50
09 40.06 16.00 0.375 44.0 0.66
10 39.96 16.00 0.375 42.7 0.50
11 39.96 16.00 0.375 40.8 0.66
12 40.00 16.00 0.375 46.1 0.60
Notes: 1) For steel, E = 29,000 ksi

2) Nominal compressive strength of grout=4000 psi

3) For grout, E = 3,650 ksi

4) For members 1, 3, 4, 6, and 8, dent depth is 5§ in.

For members 10 and 11, dent depth is 6 3/8 in.
For all members, the dent length is 36 in.
3) Specified nominal values
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Table 4.3. Results from PIER Program

Specimen P Pprer
No. (kips) (kips) ACENTERLINE Comments
s m
01 324 320 1.01 1 k=0.5
02 506 510 0.99 1 k=0.7
03 538 510 1.05 1 k=0.5
450 1.20 2 k=0.5
04 411 430 0.96 1 k=0.5
540 0.76 I F,=51.8 ksi,
230 1.79 2 k=0.5
05 677 590 1.15 1 k=0.5
550 1.23 1 k=0.62
660 1.03 0.75 k=0.5
06 496 400 1.24 1.5 k=05
380 1.31 1.5 k=1.0,L=0.5*
460 1.08 1.25 L
K=0.5
07 543 720 0.75 1 k=0.5
640 0.85 1 k=0.58
670 0.81 1.25 k=0.5
08 458 700 0.65 1 k=0.5
580 0.79 1.25 k=0.5
Notes: 1) Specimen 01-04 assumed F, = 36,500 psi.

2) Other properties shown in Table 4.2.
3) At dent, assumed dented grout area is 3/4 of
gross grout area.
The gross area of the steel tube was used in
dented area.
4) E_ = 3650 ksi,
5) Agenertine = assumed initial deflection (out-of-straightness) at midspan.
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Table 4.5. Summary of Experimental Data and Peox

Peoy”
Cox
without | Py /Peg, | Pegy with? | Py /P,
Specimen Pixp Bending without Bending with
No. {Kips) {(kips) Bending (kips) Bending
WMWWMM#‘MWM«MMM%
01% 324 528 0.61 427 0.76
029 506 430 1.18 283 1.79
03% 538 507 1.06 369 1.46
04 411 449 0.92 284 1.45
059 677 515 1.32 432 1.57
06™ 496 494 1.00 377 1.32
079 543 572 0.95 411 1.32
08> 458 562 0.82 338 1.36
094 1479 738 2.00 726 2.04
10% 443 758 0.58 713 0.62
113 598 691 0.87 522 1.15
129 772 785 0.98 677 1.14

Notes: 1) P, based on Eqn. 4.1. No correction made for the

interaction of bending moment.

2) P, based on Eqn. 4.2. Correction made for the
interaction of bending moment.

3) Dented, ungrouted specimen.

4) Undented, grouted specimen.

5) Dented, grouted specimen.

6) Undented, ungrouted specimen.
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Table 4.6. Py, /Pe,y for Undented Grouted Members

Specimen No.

02
05

07

09

D/t

34.0
34.0

51.0

42.7

PExp/ PCOX

with Bending Correction

1.79
1.57

1.32

2.04

Table 4.7. Pg,, /P,y for Dented Grouted Members

Specimen No,

03
06

08

11

Dit

34.0
340

51.0
51.0

42.7

PExp/ PCOX

with Bending Correction

1.46
1.32

1.45
1.36

1.15
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Table 4.8. Summary of Replicate Tests

% Difference
Specimen Proo’Peox (Prp/Peodavg between
Dented D/t with ﬁending with Bending Replicate Tests
e S B ] TR e ]
No 34.0 1.79
No 34.0 1.57 1.68 131
Yes 34.0 1.46
Yes 34.0 1.32 1.39 10.1
" Yes 51.0 1.45
" Yes | 51.0 1.36 hal 04
Note: All specimens filled with grout (nominal strength = 4100 psi)
Table 4.9. Analytical and Experimental Results for
Dented, Ungrouted Specimens
Prox P, Taby | P,,Taby
Specimen | Pg., | (kips) | P,,Zhou 1981 1985 | P,,Poston | P, Ellinas
N No. (kips) | with (kips) (kips) (kips) (kips) {kips)
o1 324 | 507 | 100 86 301 320 85
Peyp/Pys NA 0.64 3.24 3.77 1.08 1.01 3.81
Method
10 443 713 114 117 254 NC 110
Ppy/Py NA 0.62 3.89 3.79 1.74 NC 4.03
Method
Notes:  NA = Not applicable.
NC = Capacity not computed by this method.
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Table 4.10. Analytical and Experimental Results for
Undented, Grouted Specimens

Peox P, ,Poston
Specimen Pexp (kips) | P,,ACI (kips)
No. (kips) with (kips)
02 506 283 616 510
Pgy/Py, Method NA 1.79 0.82 0.99
05 677 432 975 550
Pgo/Py. Method NA 1.57 0.69 1.23
07 543 411 803 640
Pgyo/P,, Method NA D 1.32 0.68 0.85
09 1479 726 1788 NC
Peyo/Py, Method NA 2.04 0.83 NC

Notes:  NA = Not applicable.
NC = Capacity not computed by this method.
1} Peak load occurred after bond failure
between the grout and the steel tube.
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Table 4.13. Summary of Static Yield Capacities

Specimen Pexp F, P,

No. (kips) (ksi) (kips) Pp, /P,
1% 324 38.9 567 0.57
23 506 36.5 532 0.95
3 538 37.8 551 0.98
4 411 51.8 509 0.81
53 677 40.4 589 1.15
6 496 36.1 526 0.94
73 543 74.2 728 0.75
8 458 65.9 647 0.71
9% 1479 44.0 810 1.83

10% 443 42.7 786 0.56

11 598 40.8 751 0.80

1223 772 46.1 849 0.91

Note: 1) Py = F),Ag

2) Specimen not grouted.
3) Specimen not dented.
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7)

8)

9)

10)

11}

Grouting is a viable method for strengthening undamaged tubular
members. Based on the experimental data, grouting members without
any Initial damage can increase the strength 32% to 104% above the
original ultimate capacity. Specimen 07 contained extremely poor and
incomplete grout; however, the grout still increased the strength of the
member 32% above the original ultimate capacity. Specimen (9
contained quality grout the full length of the member which resulted in
a 104% increase above the original ultimate capacity.

Grouting is also a viable method for repairing dent-damaged tubular
members.  Grout can inhibit local buckling and prevent any further
reduction of the cross section at the location of the dent. In all the
grout-repaired/dented members tested, the ultimate capacity exceeded the
original (undamaged/ungrouted) ultimate capacity of the member. The
increase in strength above the original ultimate capacity varied from
15% to 46%. This results in an 83% to 85% increase above the
dented/ungrouted capacity.

Grouting may be a viable repair method for members with significant
out-of-straightness damage. Specimen 11 contained an initial out-of-
straightness of 4.50 in. (8/L = 0.0095) as well as an initial 6.40 in.-
deep dent (d/D = 0.40). Grouting increased the strength of the member
to 15% above the original ultimate capacity.,

All grouted members were able to sustain large resultant (X and Y)
lateral displacements with less deterioration in strength than identical
ungrouted specimens.

Most of the existing analytical methods provided very conservative
(lower bound) wvalues for Ehé predicted ultimate strength of
dented/ungrouted and dented/grouted members. For some members, the
predicted strength was 1/3 of the experimentally measured capacity.
This could be attributed to the fact that these analytical methods assume

a transverse dent geometry while the dents used in this study were
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longitudinal dents. Typically, these dents appear to be stiffer than the
transverse dents.

12) There were some members in which two of the methods (ACI and
Poston) produced unconservative (overpredicted) ultimate capacities.
There are circumstances (i.e., poor quality grout, incorrect assumptions
about initial out-of-straightness) which can explain why the Poston
method overpredicts the ultimate capacity. The ACI method is based on
elastic behavior of the steel tubular. All of the specimens tested failed

at ultimate loads in the inelastic region of the steel. Thus, the ACI

formula may not be valid for these members.
13) Post-test destructive examination of the grouted members revealed
significant differences in the completeness and quality of grout.

Members that were purnped full without interruption generally contained

a larger volume of quality grout.

5.2 Recommended Studies

The results of this research indicates that future research efforts should be considered to further
evaluate and understand the behavior of damaged and grouted tubular members. There are many
parameters that must be addressed in order to further validate grout as a viable repair method
for damaged tubulars. It is recommended that the following items be considered in these efforts:

1) Damage parameters should be varied in order to best represent the range

of dent properties that exist on in-service members. The effects of dent

location, depth, and orientation on the pre- and post-ultimate behavior
should be fully evaluated. In addition, members with multiple damage
sites should be investigated since in-service members often suffer
multiple forms of damage.

2} Generally, the mechanisin that causes dent-damage will also produce out-
of-straightness damage. Thus, the effects of out-of-straightness in
combination with dent-damage should be further evaluated. Based on
the experimental results from specimen 11, it appears that grouting is

more effective in restoring strength to members with out-of-straightness
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3)

4)

5)

damage than indicated by previous studies. In addition, tests should be
conducted to determine what is "significant” (or "insignificant") out-of-
straightness.

Corrosion is the most prevalent damage that is experienced in the
offshore environment. Grout repaired, corroded members should be
thoroughly studied. This warrants testing of members that have been
salvaged from in-service platforms or members that have been subjected
to artificially induced corrosion.

Damaged/grout repaired members should also be studied under more
complex loading conditions. In particular, dynamic (fatigue) loadings
should be mvestigated to determine if there is any deterioration in the
member strength.

More accurate analytical methods need to be developed for predicting the
ultimate capacity of dent-damaged/grouted and dent-damaged/ungrouted

members.
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