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ABSTRACT

The wultimate axial strength of grouted pile-to-sleeve
connections was investigated to determine the influence of moment,
relative shear key location between pile and sleeve, eccentric pile
and sleeve position and grout strength. A total of eighteen tests
were conducted, These tests were divided into six series containing
three replicates each.

The results showed that moment had no detrimental effect on
the wultimate strength of a grouted pile-to-sleeve connection. The
ultimate strength was not affected by extremes in the shear-key
arrangements or by the variations in the thickness of the grout
annulus. The strength of the connections varied with the square root
of the grout strength.

The measured strengths were compared with empirical equations
for the ultimate axial strength of a grouted pile-to-sleeve
connection, recommended by the American Petroleum Institute (API) and
the United Kingdom Department of Energy. The API equation was found
to be more conservative in all cases. The United Kingdom Department
of Energy formulation yielded strengths that were in better agreement
with the measured values, although the solutions were not always
conservative.

The behavior of the grouted pile-to-sleeve connection was
examined in order to develop a simple analytical solution for
ultimate strength. The empirical design equations yield reasonable
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estimates of wultimate strength but do not provide insight into the
load-resisting mechanism of the connection. An examination of tested
specimens revealed that one of the major load-resisting mechanisms of
a grouted connection is the grout compression struts which develop
throughout the length of the connection. Another significant
component of load transfer was found to be the friction that develops
at the steel-grout interface.

A model based on classical plasticity was developed wusing the
assumption that the tubes were infinitely stiff. By examining
solutions based on different constitutive relations it was shown that
the constitutive relations should include triaxial effects. Existing
constitutive relations developed for mnormal strength grouts (3000 -

5000 psi) may not be applicable to grout strengths exceeding 6000 psi.
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CHAPTER 1

INTRODUCTION

1.1 Background

The offshore oil industry began off the coast of California
in the 1890s. 1In 1937 the Superior O0il Company and the Pure 0il
Company leased 33,000 acres offshore in the Gulf of Mexico and
commissioned Brown and Root, Inc. to design a platform to be placed
in 14 ft. of water about a mile from the coastline. This timber
platform was the first to be constructed in the Gulf in an area remote
from shore [1].

In 1947 The Superior O0il Company designed two platforms that
became the design standard for many years to come. The new design
called for six steel templates or jackets to be fabricated on shore
and carried to the site by barge. The jackets were then lowered by a
crane and fixed to sea floor using steel piles driven through the
jacket legs [2]. The term "template" derives from the fact that the
jacket legs serve as guides for the tubular piles. This construction
method allowed the actual placement of the structure in the water to
be completed in about two weeks as opposed to about two months
required by the common method of on-site construction used in timber

platforms. This new method of construction allowed platforms to be



placed in much deeper water than had previously been possible. Figure
1.1 shows a typical template platform.

In shallow water (less than 150 ft.) it is normal for a
single pile to be placed through each jacket leg of the structure.
The pile wusually extends to the top of the structure so the deck
structure can be welded directly to it. The annulus between the pile
and the jacket leg is then filled with cement grout. The jacket
resists the effects of envirommental loading and is stabilized by the
piles. The grout transmits the lateral forces between the jacket-
legs and the foundation piles and protects against corrosion, but is
not normally relied upon to transmit vertical loads from the deck
superstructure to the piles. Bond stresses along the steel-grout
interface are low and debonding is unlikely to cause any problems.
The typical pile size in the mid-1950s, was 30 inches (76 cm) in
outside diameter [2]. By 1969, the average pile had reached its
current size of 48 inches (122 cm), with a range of 16 to 96 inches in
the Gulf of Mexico. In the North Sea slightly larger average pile
diameters of 60 inches (152 cm) are common. Pile wall thicknesses
normally range from 0.625 inches (16 mm) to 1.25 inches (32 mm) with
the heaviest wall being at the mudline [3]. The sleeve wall
thicknesses are wusually thinner since they are not required to carry

the loads which develop in the piles during installation.



@ Jacket substructure

@ Module support frame

@) Piles
@ Drilling derrick

@ Jacket leg

@ Launch runners
Fig. 1.1 Typical template platform



For fixed platforms in deeper water the cost of extending the
piles the full length of the jacket leg becomes prohibitive. Thus, in
deeper waters the piles are normally installed through sleeves which
are attached to the lower section of the structure. The two basic
types of arrangements are: cluster pilles where the sleeves are
attached in clusters around the legs of the jacket via shear plates
or skirt piles where the sleeves are spaced around the perimeter of
the jacket to form an integral part of the léwer structural bracing
system, see Fig. 1.2a and 1.2b.

The annulus formed between the tubular steel sleeve and pile
is usually filled with a cementitious grout, which unlike the jacket
platform, forms the only structural connection between the jacket and
the foundation. The connection is known as a grouted pile-to-sleeve
comnection, commonly shortened to a grouted connection. A typical
section of a grouted comnection is shown in Fig. 1.3. The grout must
transmit all the forces arising from the dead weight of the
structure, and environmental loadings.

As the capacity of offshore construction plants for handling
and driving piles increases, a trend towards foundations consisting of
smaller numbers of larger diameter, less radially stiff grouted
connections makes it necessary to investigate the factors affecting
the strength of grouted connections. The results of tests on large

diameter plain pipe connections show that excessive lengths are
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required to develop needed strengths in deep water platforms and as a
result the mechanical shear keys shown in Fig. 1.3 were introduced.
These keys consist of weld beads or welded bars, forming rings around
the circumference of the imner surface of the sleeve and the outer
surface of the pile, which key into the grout and greatly enhance the
bond strength. Normally the spacing of the keys is kept constant for
both the sleeve and pile.

1.2 Parameters Affecting the Strength of Grouted
Pile-to-Sleeve Connections

The behavior of grouted connections has been investigated by
several researchers [4,5,6,7] since the early 1970's. The majority of
the early research was for specific projects of individual oil
companies. The results of these early tests were wuseful in
establishing the parameters that affected the strength (axial load
capacity) of the grouted connection and also provided a great deal of
experimental data on the static axial capacity. They did not,
however, cover all aspects of the problem.

As late as 1977 the only design guidance available for grouted
connections was given in Section 2.3 of the American Petroleum
Institute (API) Specification RP 2A [8]. Section 2.3 limited the
design bond strength for plain pipe connections to 20.0 psi (0.138
N/mm?) . Although the factor of safety was not specifically stated,

it was assumed to be six [9]. At this time, the specification did not



include any guidance on the design of grouted connections with shear
keys.

The ultimate strength of plain pipe grouted connections was
investigated at Wimpey Laboratories for British Petroleum beginning
in 1973. The results of these tests showed that the factor of safety
may be considerably lower than six as assumed [9]. Rather than
increasing the length of the piles to ensure the minimum safety
factor of six, the wuse of mechanical shear keys was investigated.
Subsequent tests performed from 1973 to 1978 by Wimpey Labs showed
that very large increases in bond strength could be achieved by
employing mechanical shear keys.

Ultimate strength equations available as of 1987 were derived
from experimental data wusually wusing some form of regression
analysis. Design equations differ as to the values of the exponents
and coefficients which are combined with each parameter, and as a
result, ultimate strength equations vary between investigators. Based
on Wimpey's investigations the following parameters were identified as
important in determining the ultimate capacity of grouted connections:

- Tube and grout geometries;

- Geometry and spacing of mechanical shear keys;

- Grouted length te pile diameter ratio;

- Surface condition of steel tubulars;

- Long term grout shrinkage or expansion.



The last two parameters are of major significance only for plain pipe

connections.

1.3 Empirical Design Equations

Investigators have developed empirical equations describing
the ultimate strength of grouted connections using the available data
base [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. A complete

listing of shear-keyed specimens is given in Appendix A.

1.3.1 United Kingdom Department of Energy Formulation. In 1978

the United Kingdom (UK) Department of Energy commissioned Wimpey
Laboratories to formulate a research program to study the behavior of
grouted comnections [10]. The experimental program consisted of 62
static tests on plain pipe and shear-key grouted connections.

Based on empirical data from 108 tests consisting of the 62
tests from the UK study, 34 tests carried out for individual oil
companies, and an additional 12 tests carried out at the conclusion of
the UK program [21], engineers at Wimpey Laboratories proposed a bond
strength formula for grouted comnections, applicable within the
geometric limits given in Table 1.1.

Billington and Lewis [22] found that bond strength is a

function of grout cube compression strength, which is independent of

grout mix.

fou @ Ty (1)
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The bond strength was normalized with respect to a grout cube

strength. Thus a dimensionless bond strength parameter, Fiu

TABLE 1.1 UK Recommended Limits for Equations 1-6 [21]

Parameter Limits
Sleeve Geometry 40 < (D/t)s < 140
Pile Geometry 20 < (D/t)P < 32
Grout Annulus 10 < (D/t)g < 45

Shear Key Spacing 0< D/s <8

Shear Key Ratio 0 <h/s <0.04

was developed and is defined by

fou( 726077
Fiu = 160[ £ ] (2)
where f,, = the ultimate bond strength in psi
f,, = the mean unconfined grout compressive strength in

psi, determined from 3 in. (76 mm) grout cubes

160 = implied API ultimate bond strength for plain pipe
connections taken as six times the API RP 2A [8]
allowable bond stress.

Therefore, F, is the multiple of the API plain pipe ultimate bond

strength, at a grout strength of 7260 psi (50 N/mm?). In other

words, if F,, is unity the connection has a safety factor of six
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against the design stress permitted by API RP 2A [8] for plain pipe
comnections at a grout strength of 7260 psi (50 N/mm?).

Billington and Tebbet proposed that the generalized grout
bond formula be of the form;

Fp, = KC (AC+ B h/s) (3)
The constants A and B were determined from a least-squares analysis
of the data. A value of 76 was found for the intercept A and 9468 for
the slope B when C, was taken as unity for the shot-blasted surface
condition of the test specimens. The mean formula established for the
bond strength parameter is

Fou = KC (76C5 + 9468 h/s) (4)

where K = stiffness coefficient defined as:
= I/m (O/0)" + [(D/0)], +(D/t) 17
m = modular ratio (Es/Eg)

D/t = out-to-out diameter-to-thickness ratio of grout (g),
sleeve (s), or pile (p) respectively

C, = length coefficient as defined in UK Department of
Energy Guidance Notes, [23]

C, = surface coefficient as defined in UK Department of
Energy Guidance Notes [23]

h = height of shear key

s = spacing of shear key
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Figure 1.4 indicates the fit of Eq. 4 to the data. Substituting for
F,, from Eq. 2 gives the ultimate boﬁd strength

fpa = 16KC (9C, + 1100 h/s)f, 0> (5)
Equation 5 is a mean fit to the data. A lower Dbound ultimate bond
strength formula was taken as the characteristic strength defined as
that value below which not more than 5% of the test results fall [21].

For a grouted comnection the characteristic strength, f,,, which is
0.75 times the mean strength [4] given by Eq. 5, is the bond strength
given by Eq. 6 and is currently included in the UK Department of
Energy Guidance Notes as Amendment No. 4 [23].

fq = 12KC, (9C, + 1100 h/s)fmf.s (6)
Equation 6 can be written in terms of the nondimensional bond

strength parameter as

Foq = KC (57C, + 7100 h/s) (7
A factor of safety is mnot given with UK Guidance Notes, but if a

factor of six is used, the allowable bond strength, f,_, is

fp. = 2KC (9C, + 1100 h/s)f, °-° (8)

1.3.2 American Petroleum Institute Formulation. The formu-

lation currently recommended by API is based on work by Karsan and
Krahl [5,24]. Karsan and Krahl presented two equations, one for
estimating the ultimate strength of grouted connections, and a second

modified form for design strength. The equations were derived from a
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data base of 147 specimens in which 85 had mechanical shear keys and
62 were plain pipe grouted connections. The data represented a
collection of experimental test results and included specimens with
f,, determined from 3 in. (76 mm) cubes and also specimens with f_,
determined from 2 in. (50.8 mm) cubes. Yet, there was no
distinction made between the experimental data based on cube size.
The ultimate strength of the connection (mean fit to data) is

fi, = 167 + 1.72f_h/s 9
The equation suggested by Karsan and Krahl for design wusing API
provisions is

f,. =20 + 0.5f£_h/s (10)
Equation 10 was adopted in the l4th Edition of API RP 2A [25]. These
equations are applicable within the limits given in Table 1.2. For
those grouted connections with no shear keys, h/s becomes zero and Eq.
10 gives an allowable stress of 20 psi (0.138 MPa), the same
allowable wvalue included in API RP 2A for years.

In Fig. 1.5, Eqs. 9 and 10 are compared with the 147 tests

results. The wultimate bond stress f,, (obtained by dividing the

ultimate load by the area of the grout in contact with the pile, nD L)

is plotted against the unconfined grout compressive f times h/s.

Equations 1 through 10 are in U.S. wunits. All equations are listed

in ST units in Appendix B.
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TABLE 1.2 API Recommended Limits for Equations 7 and 8 [24]

Parameter Limits
Sleeve Geometry (D/t)S < 80
Pile Geometry (D/t)P < 40
Grout Annulus 7 < (D/t)g < 45
Shear Key Spacing 2.5< D/s <8
Shear Key Ratio h/s < 0.10

1.3.3 Comparison of Empirical Formulations. The UK Depart-

ment of Energy formulation given in Eq. 5 and the API formulation

given in Eq. 9 are not directly comparable since Eq. 5 includes a

confinement factor, X, and is a function of f., instead of £, as in

Eq. 9. However, Fig. 1.6 1illustrates the effect of varying grout
strength for Eq. 5 and 9. A typical wvalue for the stiffness
coefficient for specimens with shear keys is K=0.010. Values of £
from 4000 psi (28 MPa) to 9000 psi (62 MPa) represent a practical
range for most grouts used in offshore applications. About 70% of the
keyed specimens had grout strengths in this range. The data points
shown are for shear-keyed specimens [7,11] with K values between
0.0095 and 0.0105 psi. Figure 1.6 shows that for typical connection

stiffnesses and grout strengths, both Eq. 5 and 9 give similar

ultimate strength and bound the experimental data.
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Figure 1.7 shows the effect of different values of K on the
ultimate bond strength of grouted connections. The selected values of
K represent the upper and lower limits of shear-keyed specimens. The
data points shown are for shear-keyed specimens with f_  values
between 6000 psi (41 MPa) and 8000 psi (55 MPa). Figure 1.7 shows
that for a constant wunconfined grout strength £, and varying
stiffness K, Eq. 5 bounds the experimental data, whereas Eq. 9 cannot
account for varying radial tube stiffnesses. Thus Eq. 5 and 9 may
give significantly different wvalues for wultimate bond stress.
Although both empirical formulations are applicable only within
specified 1limits mneither formulation places an upper bound on the
connection strength.

In both Fig. 1.6 and 1.7 the ordinate represents the ultimate
bond stress, defined previously, and the abscissas are corresponding
values of h/s.

A comparison of the API Eq. 9 with that of the UK Eq. 5
indicates the following differences.

- For the API Eq. 9 the plain pipe bond component is a

constant.

- In the APT Eq. 9 bond strength varies linearly with

instead of with the ,f_  as in the UK

cu? cu

grout strength f

Eq. 5.
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- In the UK equation the effects of radial tube stiffness,
K is 1included whereas in the API equation conmection
stiffnesses are not considered.

- In the API equation, the connection length effect C; is

not included.

1.4 Analytical Methods

Analytical solutions defining grouted connection ultimate
strength are difficult to develop because of the nonlinear material
behavior of the grout near ultimate strength. Furthermore, the exact
state of triaxial stress in the grout is difficult to access, due to
the fact that the stress state is affected by so many parameters, such
as connection stiffness, shear-key geometry and grout strength.
Analytical solutions however, have been attempted in recent years but
as yet they are not widely accepted.

1.4.1 Paslay Analytical Model. Paslay Incorporated developed

an analytical model [26] to predict the ultimate axial capacity of a
grouted connection. As reported by Chilvers [27], the model is
designed to simulate a grouted connection loaded in axial
compression, transferring the load from the sleeve at one end to the
pile at the other end. The model assumes three mechanisms are
available to transfer the load across the steel-grout interface.

These are;
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- Adhesion of the grout to the sleeve or pile

- Coulomb friction along the interface

- Concentrated loads at the shear keys.

The behavior of the grout is assumed to be elastic-perfectly plastic
in the analysis and is governed by a Von-Mises yield criterion.

The grouted connection is idealized as a series of axial
elements. Each element has a shear key on one end of the pile and on
the other end of the sleeve. Figure 1.8 shows an exploded view of an
element, including all assumed forces and displacements essential to
the analysis. All forces in the grout are assumed to be compressive.
This was established from experimental observation of the cracking
patterns in the grout, where cracks ran from the sleeve to the pile
at the shear key locations. The analysis also assumes that the bond
stress is constant over the length of each element.

Twenty-four simultaneous equations are written for each
element. Since many of the equations are nonlinear, an incremental
approach is used to obtain a solution. A linear solution is obtained
for each small increment of load and the incremental equations are
modified as the bond states change.

To establish the load-slip relationship for the shear keys
Paslay performed some simple punch indentation tests on confined grout
specimens. The punch was assumed to resemble back-to-back shear keys

which were separated by a frictionless wall as shown in Fig. 1.9.



22

pus 1ySLd 18 2 30 anjeA
pus ybBLd ‘A
JE9YS 9A991S 1B Ysndd JeIXY

pus 138)

‘3A931S J0 juawsoe|dSip 1BLXY
pus 313439

'A3) dJeays 911d 3e ysndao jeLIXY
pus 343

‘311d jo juswaseldsip jELXY
pus 139

f3noJ6 jo juswedeidsip jelxy
S9A931S pue

InoJb UIaM1ag SSaJIs Jealys
a11d pue

InoJB usaMlaq SSaJ1s Jeays
pus 1yBLJ ‘Aay Jesys aA991S
uo 9340} 40 jusuodwod jeLXY

pus 1337 ‘Aoy Jeays o1id”

uo 3240} 40 Jusuodwod ELXY
9A3931S pue 3InoJb

us9MIag aJdnssadd abedaAy
211d pue inoJb

usaM1aq aJdnssaJld sbedaay
pua 191 ‘eAses

Uo 9240} dALSS2JdWOD jEBLXY
pus 148y ‘a1Ld

Uo 9240} DALSSaJIdWOd jBLIXY
pus 3143] ‘3noJb

Uo 2940} aALSsaJduiod 1BLIXY

S¥20X

=0X

SH3IX

s0X

-0ss

SJUSwWeOBTdSIP PuB 890103
peqriosaid e SuIpnIouT TOPON LBISEBJ JO JUSWOTS OTI9Ud Q°T °*3ig

an3d
d3avon

+I0 —»

==

>
1SS IS Ix<

TN

Id

ARy

J4—— ()

3IA3371S
ox



23
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The grout is restrained
by being cast in a steel
trough 76 mm wide,
38 mm deep, and
305 mm long.

Fig., 1.9 Punch used to represent back-to-back shear keys
separated by frictionless wall
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Results from these experiments indicated the maximum pressure to be
about five to six times the grout cube strength. Therefore, Paslay
assumed a maximum shear key stress of

o = 5.5%, (11)
to reflect increased grout capacity due to confinement by the steel
tubes,

A program is included in Paslay’s report for the previously
described analysis. Computer analyses were conducted for connection
geometries which were experimentally examined by Chicago Bridge and
Iron Company and Wimpey Laboratories. In implementing Paslay model
the experimental connection geometry has to be modified so that the
pile and sleeve shear keys are directly across from one another
instead of staggered as in the actual test specimens. In general
Chilvers states that the Paslay model was found to over estimate the
capacity of the grouted connection.

The error in ultimate capacities from the Paslay model can be
attributed to the idealization of the gfout behavior with a Von Mises
plasticity model.} A Von Mises model works well for a ductile material
such as steel where there is no appreciable effect of hydrostatic
pressure on yielding, and the material exhibits equal vyield stresses
in tension and compression. However, the application of a Von Mises

criteria to a fracturing, pressure sensitive material such as grout is
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too drastic an idealization to accurately model the behavior and

strength.

1.4.2 Chilvers Analytical Model. Chilvers’ bond strength

formula [27] develops connection capacity from friction at the grout
pile-sleeve interface. Chilvers' analysis assumes that the conmection
strength is a function of the same three basic mechanisms described by
Paslay. Thus the basic bond formula is expressed as:
fi,=c¢c + po, + oh/s (12)
The mechanisms are:
- Adhesion of the grout to the sleeve or pile, ¢, taken as
a constant. When the connection is grouted an adhesion
of the grout to the steel occurs which has a capacity to
transfer shear and tensile stresses across the steel-
grout interface. So 1long as this bond is intact the
strains at the interface are equal for the grout and the
steel. Once the stresses exceed the adhesive bond
strength, this mechanism is no longer active nor can it
be regained upon unloading. Thus Chilvers assumes this
value is small in comparison to the other values and may
be neglected.
- Coulomb friction that develops due to the mnormal

compressive stresses o, across the boundary. Where p is

an experimentally determined coefficient of friction.
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Relative slip at the steel-grout interface occurs
whenever r>uo, where r is the shear stress at the inter-
face.

Load transfer through shear keys. Chilvers states that
the concentrated 1loads at the shear keys can be
determined from experimental results. The loads are
defined as a function of slip and effective shear key
height (actual height less radial separation). Thus o,
represents an experimentally determined constant for

shear key strength.

The mean value for the normal bond stress g,, over the

whole length of the grouted connection at ultimate is

g, = k(u-A") >0 (13)

where

Opn»

k
U

AI

= normal bond stiffness

maximum surface roughness

fl

mean radial bond opening

is a general term, not accounting for the difference in o, on

the sleeve and pile bonds. Taking the hoop stress for a thin ring as

ag

where r

t

o

= o, ¥/t (14)
centerline radius of ring

wall thickness of ring
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Substituting Eq. 13 into 14 yields the hoop stiffness
g, = kr(u-A')/t (15)
From the theory of elasticity the mean hoop strain neglecting the

effect of radial confinement can be expressed as

€, = A/t = (0,-vo,)/E, (16)
where A = mean radial displacement
o, = mean axial stress
v = Poisson’s ratio
E, = modulus of elasticity of steel

The mean average axial stress for a stiffened sleeve can be expressed

in terms of the ultimate bond stress, £, as

o, = f%uwrpL/(Zwrsts + A) (17)
where r, = radius of pile
r, = radius of sleeve
t, = wall thickness of sleeve
L = grouted length of conmnection
A, = area of stiffeners

Thus the mean radial expansion due to axial stress can be expressed
using Equations 15-17

A =1 [kr (u-A") + ufbuu;/(zwrstsms)] /t.E, (18)

Ay = Tk, T (u,-8") + vE, L/2]/tE, (19)
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The mean expansion is then
A" = AL + AL/2 (20)
The signs of Eq. 20 are based on the pile being in tension and the

sleeve in compression since this type of loading was wused in the

Wimpey Lab tests. Substituting Eq. 18 and 19 into 20 and solving
for A’
A = (kuy + vELr,0/2)/(2E; + k) (21a)
r?2 r?
_ s
where Y = ts + -t—' (2lb)
P
e 1
0 = : + = 21
(rr .t + A/2) T (21c)

To arrive at Chilvers’ Equation for the ultimate bond stress capacity

of a grouted connection, substitute Eq. 13 and 21 into Eq. 12 with

c=0:
- 2E [pku, + o h/s] + ok, vh/s (22)
u 2E, + kv + pkﬁV(L/D)rzpe
Chilvers determined the coefficient of friction, u from a
series of pushout tests [27]. The results of these tests indicated

that for grout cast against a shot-blasted surface g = 3.0, The
surface roughness, ‘um‘for shot-blasted tubes was determined to be 2
mils. The exact value of the normal bond stiffness factor, kﬁ; to
use in the ultimate bond stress formula is not explicitly stated by
Chilvers. However, Chilvers states that as the stiffness of the

sleeve and pile increases the rate of increase in 0, gradually reduces
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and for stiffness above 184k/in® (50 N/mm®) there is very little
strength increase in a grouted comnection. This he reasoned was due
to the limited sleeve and pile stiffnesses which can not resist very
large o, stresses. Thus, there is no advantage in using Valqes of k,
larger than 184k/in® (50 N/mm®). The upper limit on o, is given by
o<y k =0.363 k/in? (2.5N/mm?). For use 1in the wultimate strength
equation Chilvers uses a mean value of k =92 k/in® (25 N/mm®), for a
grout strength of f =7260 psi (50 N/mm2?). For the constant defining

shear key strength, o  Chilvers assumes a value of o, = 14.5 k/in?

m

(100 N/mm?) for f£_=7260 psi (50 N/mm?). Substituting these values

along with E=29x10° psi (2x10° N/mm?) and »=0.3 into Eq. 22 yields

fbu

_ [58000{552 + 14500h/s] + 1.334 x 106'yh/s:| (23)

58000 + 92y + 82.8(L/Dp)rp20
For grouted connections with grout strength other than f,,=7260 psi
(50 N/mm?) the ultimate bond stress formula should be modified by

(£,,/72 60)°-2. Multiplying through and reducing gives

fbu

_ [681[552 + 14500 h/s] + 15667+h/s ]fcuo.s (24)

58000 + 92y + 82.8(L/D)rP26’

When using Eq. 24 Chilvers suggests that for h/s > 0.06 use

h/s = 0.06 and for L/Dp < 2, use L/Dp = 2 and multiply the result by
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0.8. This is an approximate allowance for the length effect that has

been shown to occur in specimens with L/DP < 2.

One of the major differences in Chilvers’ formulation, from
the previously discussed formulations is the presence of the
geometric parameter -, Chilvers’ equation suggests‘ a degree of
weakening with increasing scale; whereas the current empirical equations
are independent of connection size. Equation 24 also indicates a
reduction in bond strength with increasing L/D,. The rate of
reduction is a function of the radial stiffness of the connection,
with stiffer connections exhibiting a smaller rate of bond strength
reduction with L/Dp' These trends are consistent with experimental
results [9,10]. Chilvers’ equation cannot show the reduction of
strength for L/Dp < 2, since these reductions are believed to be due
to end effects which were not considered in the development of the
equation.

1.4.2.1 Application of Chilvers Equation to Loadings Other

than Tension-Compression. The normal dead and environmental loadings

to which an offshore platform is subjected cause the pile and sleeve
to be in compression. In the case of an uplift or overturning moment,
both pile and sleeve could be subjected to tensile loadings. Wimpey

Labs experimental loading case of the pile in tension and the sleeve



31

in compression wés done solely for the purpose of finding a lower
bound and was not intended to represent actual loading conditions.

As mentioned previously, Chilvers’ bond strength Eq. 24 was
developed assuming the pile to be in loaded in tension and the sleeve
in compression. The equation should however, be able to be modified

to account for the different loadings by simply putting the
appropriate sign on the A; and A; terms in Eq. 20 and o, of Eq. 16.

These expressions represent the radial contraction or expansion of a
thin ring due to axial loading and a hoop stress. To modify Eq. 16

and 20 for tension-tension loading the sign of o, should be positive

and A? is now negative. Thus the modified bond stress equations for

tension - tension loading are as follows:

¢ - [ 681[552 + 14500 h/s] + 15670 yh/s £ 0.5 (25a)
bu 58000 + 92y + 82.8(L/D,)r 20 ou
r 2 r 2
where y = -2 . s (25b)
t, tg
B _]:_ ‘Il']'.'s
N W (22¢)

Chilvers performed three tests (Al, A2, A3) at City University
[27] in which all geometric parameters were the same as specimens in
Series P of Wimpey Laboratories [10,11]. The purpose of these tests

was to examine the effect of loading application (Poisson’s effect) on
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the ultimate strength of grouted connmections. Table 1.3 gives the

geometric details of the similar specimens. All specimens had L/Dp=2.

In Table 1.4, the measured ultimate bond stresses are listed
for this series of tests, along with the calculated values using Eq.
25a-25c.

The experimental results indicate that connection capacity is

independent of loading application. When the measured results are
normalized with respect to f., the tension-tension specimens show a

slight decrease of about 10% in capacity, from the compression-tension
comnections. This indicates that Poisson’s effect can be considered
minimal in determining the ultimate strength of a grouted connection.

When Chilvers’ Eq. 25 is applied to compression-tension
loading specimens, computed and measured results compare well with
Chilvers' theoretical solution yielding conservative results in all
cases.

When applied to the tension-tension cases, however, Chilvers'’
Eq. 25 significantly overestimates the capacity of the grouted
comnection. The extent of this overestimation depends on whether the
longitudinal stiffeners which were welded to the sleeves are
considered effective in resisting the applied axial load. In most of
the Wimpey specimens longitudinal stiffeners, usually consisting of

flat plates, were welded to the sleeve to prevent local yielding and
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Table 1.3 Geometric Properties of Selected Series P and A Specimens
Spec. Loading Pile Sleeve Grout Shear Conn.
No. D t D t D t h s h/s

(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
Al Ten-Ten 20.0 1.0 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P3 Ten-Comp 20.0 1.0 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P4 Ten-Comp 20.0 1.0 22.4 0.20 22.0 1.0 0.08 6.65 0.012
A2 Ten-Ten 20.0 0.63 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P9 Ten-Comp 20.0 0.63 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P10 Ten-Comp 20.0 0.63 22.4 0.20 22.0 1.0 0.08 6.65 0.012
A3 Ten-Ten 20.0 0.50 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P15 Ten-Comp 20.0 0.50 22.4 0.20 22.0 1.0 0.08 6.65 0.012
P16 Ten-Comp 20.0 0.50 22.4 0.20 22.0 1.0 0.08 6.65 0.012
Table 1.4 Measured and Computed Ultimate Bond Stress for
Selected Series P and A Specimens
Spec. Meas. Eq. 25
No. feu fbu fhu fhu/feu
Al 10300 343 529 3.38
P3 7756 331 302 3.76
P4 7314 321 292 3.76
A2 9572 314 556 3.22
P9 7778 301 284 3.41
P10 7759 311 283 3.53
A3 10300 317 615 3.12
P15 8345 311 283 3.40
P16 7649 298 271 3.41
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buckling of the sleeve before a comnection failure in the grout. The
exact size and location of the longitudinal stiffeners is not
specified by Chilvers [27], thus it is assumed that the arrangement is
the same as that used in Wimpey series P specimens.
Generally gn unstiffened tube will exhibit more of a Poisson’s
effect than a longitudinally stiffened tube. Yet, in a grouted
connection stiffeners decrease the local bending at the shear key
locations, which would tend to offset the reduced Poisson's effect,
implying that for a grouted connection loaded in tension the capacity
of the connection will be greater for the . unstiffened sleeve than a
stiffened sleeve if all other parameters are kept constant. If the
area of the stiffeners is neglected in Eq. 17 the connnection
capacities are as given in Table 1.4, for specimens Al, A2, A3. By
more accurately including the assumed area of the stiffeners in
calculating the capacity of the grouted connections the following
ultimate bond strengths are obtained for specimens Al, A2 and A3
respectively 1120 psi, 1260 psi, and 1474 psi. These results indicate
behavior which is contrary to the expected results. Chilvers’ Eq. 25
gives good results when compared with the tension-compression tests
results from which the constants k., v, v, and o, were determined. But
when applied to the actual loading cases such as compression-
compression or tension-tension the results are very poor. One reason

for this behavior is the large dependence of the method on Poisson’s
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effect, which test results tend to indicate is unimportant. Also, the
constants used by Chilvers are somewhat suspect since there is no
explanation of how they were obtained or if they should be varied for
different loadings, grout strength and tube stiffnesses.

1.4.3 Van Lee Thesis. Another  analysis of grouted

connections, limited to plain pipes without shear keys was carried out
by Van Lee at the Massachusetts Institute of Technology [28].

Three models were examined. The first model considered only

longitudinal, normal and shear stresses and displacements. The
behavior was assumed to be linear elastic. The method employed a
simple elastic analysis. By using geometric compatibility equations

in the three material layers, based on a linear bond stress-slip
relationship derived from experimental results and shown in Fig. 1.10
a fourth order differential equation was produced. By using
appropriate boundary conditions on the normal stresses in the pile and
sleeve a solution was obtained.

The second model was analogous to the one-dimensional model
described previously with the inclusion of radial and circumferential
normal stresses. Once again the governing equation becomes a fourth
order differential equation which is solved using appropriate boundary
conditions.

The third model employed an Automatic Dynamic Incremental

Non-linear Analysis program (ADINA), to develop an axisymmetric model.



21 000.0 psi/in.

5

Fig, 1.10 Van Lee's local bond stress versus slip
relationship
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The steel and the grout are considered elastic but the model accounts
for the non-linear relationship between bond shear stresses and
deformation (slip) at the steel-grout interface. The effects of
bending were also included in the analysis.

The results of these models were all in reasonable agreement
with the  experimental results from which the bond stress-slip
relationship was derived. As a result of these models Van Lee made
the following two main conclusions with regard to plain pipe
connections. Poisson’s effect can be significant for grouted
comnections without shear keys due to the fact that the three
dimensional stress state can be an important parameter in determining
the amount of friction bond since the latter is dependent upon the
normal stresses at the interface. Normal stresses and displacements
do not change appreciably when the behavior of the steel-grout
interface becomes plastic.

1.4.4 Brown and Root Report. In the Brown and Root Report

[29], an attempt is made, using shell theory, to find the key
nondimensional  parameters affecting the strength of grouted
comnections. Many assumptions and simplifications are made with
regard to the interaction of the steel-grout bond for plain-pipe
connections thus, the resulting parameters are only a rough guide.

Six nondimensional parameters were produced for each ring of material.
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For plain-pipe connections these parameters are; P/EtR, A/L, R/t,
L/R, v, p. Two additional groupings, h/s and h/R are used to describe
shear key geometry where;

P = Axial load

R = Radius of ring

L = Grouted length

A = Slip

t = ring wall thickness

u = coefficient of friction
E = modulus of elasticity
v = Poisson's ratio

h = height of shear key
s = spacing of shear key

1.4.5 Summary of Empirical and Analytical Methods. The above

+ discussion briefly summarizes the present empirical and analytical
approaches which have been attempted in modeling the behavior of
grouted connections.

In Chapter 4 the experimental results given in Chapter 3 will
be compared with both the API and United Kingdom Department of Energy
empirical formulation given in this chapter.

As of yet the analytical models have been wunable to

accurately model the behavior of the grouted comnection. Paslay's
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model requires the use of a computer program which is not available to
the author and yields unconservative results due the constitutive
equations used to model the nonlinear behavior of the grout, therefore
no comparisons will be made with this model.

Chilvers’ model, Section 1.4.2.2, yielded good results only
for the tension-compression loading case from which the constants k,
and g, were determined. The application of Chilvers’ method to the
compression-compression loadings used in this investigation would not
be expected to be anymore accurate than for the tension-tension
loading case discussed previously thus no comparisons will be made

with the model.

1.5 Scope of Work

Despite the large number of tests conducted on grouted
comnections no systematic study was ever conducted on load
interaction, effects of position of pile shear keys with respect to
the sleeve keys and the effects of pile-sleeve eccentricity. An
experimental research program was undertaken at The University of
Texas to study these effects. The program consisted of 18 scale model
tests divided into six test series of three specimens each. Based on
the typical geometries, for grouted connections used in the North Sea
and the Gulf of Mexico the specimens represent approximately 1/3 to

1/2 size scale models diametrically. The specimens were also selected
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to correlate with the sizes used by previous investigators Series 1
were axial tests used as reference tests for the other five series.
Series 2 to 6 investigated the effect of combined loading (axial and
bending), relative shear key location between pile and sleeve, length
of grouted comnection under combined loading, eccentricity of
tubulars; and grout strength, respectively. Chapter 2 describes the
tests series and experimental test procedures. Chapter 3 contains the
test results for each test along with an  explanation of the
determination of grout compressive strength and grout column cube
results. The data are analyzed in Chapter 4. Chapter 5 develops a
simplified analytical model, and discusses the main parameters which
affect the ultimate strength of a grouted connection. Finally a

summary and suggestions for further study are given in Chapter 6.



CHAPTER 2

TEST PROGRAM

2.1 Selection of Specimens

The determination for the size of the grouted connection
specimen was based on two main criteria:

- Limitation of available loading frame capacity;

- Size should be similar to other tests so that

correlations could be drawn between results.

At the start of the research program in the fall of 1984, the author
obtained data from approximately 200 test results for both plain pipe
and shear-key specimens. Of these 200 sets of test results only 147
meet the requirements given by API RP 2A [25] and the UK Department of
Energy [23]. The remaining set of 147 tests consisted of 85 specimens
with shear keys and 62 plain pipe connections. Only 80 grouted
connections with shear keys and 44 plain pipe grouted comnections
listed sufficient information to allow for comparisons between
prediction’s from existing empirical methods. A  summary of the
shear-key specimens is given in Table 2.1.

Based on the data distribution in Table 2.1 and loading frame
capacity the pile selected had an 18 in. (457 mm) outer diameter with
a 5/8 in. (15.9 mm) wall thickness while the sleeve had a 21 in. (533
mm) outer diameter with a 1/2 in. (12.7 mm) wall thickness. Thus the
grout annulus between the two concentric tubulars was 1 in. (25.4 mm)
nominal. The 1length of the tubulars was 39 in. (991 mm); this

41
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allowed for a 3 in. (76 mm) offset between the pile and sleeve and
yielded a nominal length to diameter ratio L/DP of two. This L/Dp
ratio was the most prevalent ratio used by previous researchers
[4,5,6] and was the maximum that would meet the loading limitations

of the test frame.

TABLE 2.1 Data Base for Specimens with Shear Keys

Quantity Reference Grout Pile Sleeve
No. Thickness Size Size

(in.) (in.) (in.)
1 22 0.469 8.625 10.75
2 11 0.500 20.00 21.39
12 7 0.543 12.38 13.78
10 11 0.637 12.75 14.41
22 11 0.738 18.00 19.76
1 22 0.746 18.00 19.78
2 11 0.764 18.00 20.00
1 22 0.768 18.00 20.00
6 11 1.000 20.00 22.32
18 11 1.000 20.00 22.39
6 11 1.000 20.00 22.63
1 22 1.140 21.25 24.00
2 11 2.000 20.00 24.39
1 22 2.500 54.00 60.00

Total 85
2.1.1 Test Series. The 18 specimens were divided into six

series each containing three replicates.

Test Series 1. Series 1 consisted of three specimens under

pure axial loading with a (L/Dp) of two. These tests were used as
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reference tests for the other five series and as a means of
establishing correlation with tests conducted elsewhere.

Test Series 2. Series 2 was designed to determine the effect

of combined loads on the grouted connection. The specimens were
subjected to a proportionally applied bending moment and axial load.
Eccentricity of load to pile diameter ratios (e/Dp) of between 0.1
and 0.5 were established as realistic bounds for combined loading. In
this series an e/Dp ratio of approximately 0.3 was used which gave a
triangular stress distribution across the section. This case was
considered the most severe that could be applied with the testing
frame.

Test Series 3. In previous investigations shear keys on the

sleeve were always located halfway between those of the pile as shown
in Fig. 2.1la. However, there is little or no control over the final
relative shear key location between pile and sleeve in the field. 1In
Series 3, the consequences of the relative shear key location on the
pile and sleeve were examined. In all three specimens of Series 3
the shear keys were placed directly across from each other, see Fig.
2.1b. Again, an L/Dp ratio of two was maintained.

Test Series 4. 1In Series 4 the effect of specimen length on a

connection under combined loading was studied. The same geometry and
loading as wused in Series 2 was maintained for two specimens but the
L/DP ratio was shortened to one. The third specimen was tested under

pure axial loading to establish an axial test reference point.
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Test Series 5. In field installation the driven pile would

rarely be concentric with the sleeves. Consequently, 1in Series 5,
the effect of having eccentrically placed piles and sleeves was
examined. The eccentricity in the test specimens resulted in the
grout annulus varying from a minimum of a 1/2 in. (12.7 mm) to a
maximum of 1-1/2 in. (38 mm), as shown in Fig. 2.2a and 2.2b. Again,

a L/Dp ratio of two was used.

Test Series 6. In Series 6 the effect of grout strength on
the connection capacity was investigated. In the previous five
series, unconfined compressive strengths of 4000 - 6000 psi (27.5 -
41.3 MPa) were used, For Series 6, a high strength grout of

approximately 11000 psi (75.8 MPa) at 28 days was used. Since
previous investigators [4,5,6] have indicated that connection strength
is a function of grout strength, a L/Dp ratio of one was used to
ensure that the connection strength did not exceed the loading frame
capacity. These specimens were subjected to axial load only.

2.1.2 Specimen Fabrication. Figure 2.3 shows the specimen

geometry used in The University of Texas test program. All test
specimens were fabricated by Superior Fabricators Inc. of Baldwin,
Louisiana. The tubulars were formed from flat sheets, with the piles
being fabricated from A572 Grade 50 (Fy = 50 ksi) and the sleeves
from A588 Grade 50 (Fy = 50 ksi) steel. After forming, a full
penetration groove weld was run the entire length (39 in.) to join the

section. The full penetration groove welding process followed the
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American Welding Society (AWS) Specification A5.2. A semi-manual
mig-wire process was used with a class E71Tl electrode (0.045
diameter alloy rod 7100 wire) in a dual shielded gas flux of 75%
argon and 25% carbon dioxide. The end of the pile or sleeve that
would bear against the loading platens during testing was milled to
ensure a uniform bearing surface. Shear keys were then placed on the
inside of the sleeves and on the outside of the piles. The shear keys
were formed by running weld beads at 4-1/4 in. (108 mm) centers
around the circumference of the tubulars. The height (outstand) of
the shear keys was a mnominal 1/16 in. (1.6 mm) and the width a
nominal 1/8 in. (3.2 mm). The nominal h/s ratio was 0.015. In most
previous research h/s ratios between 0.0l to 0.02 were used with only
a few specimens at h/s ratios over 0.03. The weld beads were
deposited in accordance with AWS Specification SFA5.18 using a short
arc mig-wire process with a 0.035 diameter alloy 65 wire that was
shielded in carbon dioxide.

Table 2.2 shows a comparison between API RP 2A [25], the UK
Department of Energy Guidance Notes limitations [21] given previously
and The University of Texas specimens.

Table 2.2 indicates that for the sleeve geometry parameter
(D/t)g The University of Texas specimens are at the lower end of the
UK recommendations. In the Wimpey Laboratory research program used to

establish the UK limitations, most specimens had (D/t)g ratios
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TABLE 2.2 Recommended Limits for Grouted Pile-to-Sleeve Connections

Parameter API UK U.T.
Sleeve Geometry (D/t)g < 80 40 = (D/t)g < 140 (D/t)g = 42
Pile Geometry (D/t,)p < 40 20 < (D/t)P < 32 (D/t)p = 28.8
Grout Annulus 7 < (D/t)g = 45 10 < (D/‘l:)g < 45 (D/t)p = 20
Shear Key Spacing 2.5 < Dp/s <8 0 < DP/s < 8 Dp/d = 4.3
Shear Key Ratio h/s < 0.10 0 <h/s < 0.04 h/s = 0.0147
from 75 to 140. The high (D/t)g ratio required the sleeves to be to

establish the UK limitations, most specimens had (D/t)g ratios
stiffened with longitudinal stiffeners so that buckling would not
occur. By using a lower (D/t)g ratio the longitudinal stiffeners were

not required and a grout failure was ensured.

2.2 Grouting Materials and Methods

2.2.1 Grout Mix Design. Pile-to-sleeve connection grouts are
normally formulated with some type of inorganic hydraulic cement
which yields a high early strength to ensure the stability of the
structure. Since the platform load is transferred from the sleeve to
the pile via the grout, specfic grout properties vary for a given
platform design and installation process. The grout slurries are
usually simple mixes, that provide the required strength and
pumpability. A commonly used grout 1is a portland cement with a low

water/cement ratio and one or more admixtures used to impart specific
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grout properties. Appendix C gives a brief summary of offshore
grouting methods, materials and mix designs. Section 2.8.4c of API RP
2A [25] specifies that 2500 psi (17.25 MPa) < fou £ 16000 psi (110
MPa) in grouted connections.
In this test program the following criteria for grout were
established:
- 28-day cube strength of 4000 psi (27.5 Mpa) to 6000 psi
(41.3 MPa) to ensure a grout failure at a L/Dp ratio of
2.
- Grout material properties determined in accordance with
ASTM Specifications.
- Connection specimens and test cubes cured in an
environment representing the offshore curing conditions.
- Neutral shrinkage/swell characteristic.
Many preliminary mix designs were tried in order to obtain the
required strength, consistency, pumpability and segregation
properties. The results of these preliminary mix designs indicated
that an inert filler such as sand reduced the strength and yet
maintained grout consistency. Sand also reduced the shrinkage/swell
characteristics of the mix and helped reduce segregation. The two
final mix designs are given in Tables 2.3 and 2.4. Mix Design I was
used for test Series 1 through 5 and Mix Design J for high strength

grout was used for test Series 6.
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2.2.2 Specimen Preparation. The test specimen surfaces were

prepared by shot-blasting the outside surface of the piles and the
inside surface of the sleeves with a No. 3 blasting sand (fine) to a
white metal condition. All sandblasting was done at one time. This
removed all mill scale and imparted a uniform surface roughness to
the specimens. Next, all excess weld splatter mnot removed by shot-
blasting was removed. A 3/4-in. nipple was then welded over the
3/4-in. hole that had been cut in the bottom part of the sleeve.
This nipple shown in Fig. 2.4 provided the grout entry port during

the grouting operation.

TABLE 2.3 Mix I Proportions by Weight

Material Percent by Weight
* Class A cement 34.7
Water 19.7
*% Sand 45.6
w/c ratio 0.57

TABLE 2.4 Mix J Proportions by Weight

Material Percent by Weight
* Class A cement 44.9
Water 14.8
*% Sand 40.3
w/c ratio 0.33

* API specification, ASTM specification Type 1
*% 100% sand passed #8 sieve
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Shear key spacing, width, and height were recorded for each
pile and sleeve set. Measurements were taken at two diametrically
opposite‘locations for each shear key and then an average value was
calculated for all shear keys on a given sleeve or pile. The results
are given in Table 2.5.

The out-of-roundness of the fabricated tubulars was also
determined, with the results given in Table 2.6. The API limits for
fabricated structural steel pipe [30] is given as 1% of the nominal
diameter (0.18 in. for pile and 0.21 in. for sleeve).

Just before grouting, the tubulars were cleaned using acetone
and a high pressure air hose was used to remove any residual
particles. An average surface roughness of both the sleeve and pile
were then determined using KTA-Tator Press-0-Film tape as shown in
Fig. 2.5. Three Press-0-Film tapes were used to determine an average
surface roughness of the sleeve or pile. The tapes were spaced at the
upper and lower ends and at midheight, with approximately a 120°
spacing between the tapes. The film tape was rubbed on to the
shot-blasted surface in accordance with KTA-Tator specifications and
the replica image measured using a spring micrometer as shown in Fig.
2.6. Table 2.7 contains the average surface roughness of each tube.

The piles were set into formwork designed to yield the
required sleeve-pile offset and grout annulus. After the piles were

leveled and plumbed, the sleeves were lowered into position and also



TABLE 2.5 Specimen Shear Key Geometry

Series Sleeve Pile *h/s *w/h
Spec. Spacing Width Height Spacing Width Height
No. No. (in.) (in.) (in.) (in.) (in.) (in.)
1 UTAlL 4,26 0.221 0.073 4.28 0.193 0.0581 0.016 3.11
UTA2 4.25 0.184 0,081 4,25 0.182 0.059 0.016 2.63
1 UTA3 4.25 0.188 0.077 4.26 0.203 0.063 0.016 2.81
UTM1 4,25 0.227 0.076 4,24 0.182 0.064 0.018 2.93
UTM2 4,25 0.203 0.076 425 0.211 0.065 0.017 2.92
UTM3 4,25 0.188 0.076 4,25 0.180 0.078 0.018 2.44
3 UTA4 4,24 0.168 0.078 4,25 0.248 0.059 0.016 3.17
3 UTAS 4.25 0.172 0.078 4,25 0.242 0.084 0.017 2.98
3 UTAB 4,25 0.150 0.077 4.25 0.183 0.085 0.017 2.47
4 UTA13** 4 24 0.184 0.073 4,26 0.223 0.060 0.016 3.06
4 UTM5%% 4 25 0.195 0.075 4,29 0.195 0.063 0.016 2.83
4 UIMB** 4 23 0.211 0.069 4,26 0.223 0.062 0.015 3.31
5 UTA7 4.26 0.184 0.075 4.24 0.188 0.069 0.017 2.57
5 UTAS8 4,26 0.203 0.070 4,27 0.221 0.059 0.015 3.32
UTAQ 4,25 0.208 0.077 4.28 0.191 0.066 0.017 2.80
6 UTAL10** 4,22 0.203 0.073 4,25 0.172 0.0861 0.018 2.80
6 UTA11** 4,23 0.198 0.075 4.28 0.172 0.073 0.017 2,50
6 UTA12*%* 4 23 0.188 0.076 4,27 0.203 0.0587 0.017 2.72

* Average value of pile and sleeve

*% Values calculated using only those shear keys within the grouted length



TABLE 2.6 Out-of-Roundness of Steel Tubulars

Specimen Sleeve Out-of- Pile Out-of-
No. Major Minor Roundness Major Minor Roundness

Dia. Dia. Dia. Dia.

(in.) (in.) (%) (in.) (in.) (Z)
UTAl 21.09 21.00 0.4 18.12 18.00 0.7
UTA2 21.22 20.84 1.8 18.08 18.00 0.3
UTA3 21.22 20.91 1.5 18.06 17.94 0.7
UTM1 21.31 20.88 2.0 18,22 17.88 .9
UTM2 21.22 20.84 1.8 18.22 17.81 2.3
UTM3 21.22 20.84 1.8 18.09 17.94 0.8
UTA4 21.06 21.00 0.3 18.06 17.81
UTAS 21.22 20.81 1.5 18.22 17.88
UTAB 21.19 21.00 0.9 18.12 17.91 1.2
UTA13 21.19 21.00 0.9 18.19 17.94 1.4
UTM5 21.19 21.00 0.9 18.06 17.94 0.7
UTM6 21.12 21.00 0.6 18.12 17.88 1.3
UTA7 21.12 21.06 0.3 18.12 17.88 1.
UTAS8 21.31 20.81 2.4 18.16 18.00 0.
UTA9 21.31 20.91 1.9 18.16 18.00 0.
UTAL0 21.09 21.06 0.1 18.12 17.84 1.8
UTA11 21.22 20.97 1.2 18.00 17.94 0.3
UTAl2 21.47 20.91 2.7 18.12 17.78 1.9

54
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TABLE 2.7 Average Surface Roughness of Steel Tubulars

Specimen Sleeve Pile Specimen Sleeve Pile
No. (mils) (mils) No. (mils) (mils)
UTAL 1.9 2.1 UTA13 2.4 2.4
UTAZ2 2.3 2.1 UTM5 1.9 2.2
UTA3 2.0 2.2 UTM6 2.1 2.1
UTIM1 2.2 2.4 UTA7 1.9 2.0
UTM2 2.0 2.1 UTAS8 2.0 2.2
UTM3 2.3 2.1 UTA9 2.0 2.1
UTA4L 2.2 2.1 UTALO 1.9 2.1
UTAS 2.2 2.1 UTAll 2.2 2.2
UTA6 2.3 2.3 UTA12 2.0 2.2

1 mil = 0.001 in.

leveled and plumbed. Three specimens were prepared at one time for a
single grouting operation as shown in Fig. 2.7. The width of the
grout annulus was controlled using steel wedges, making sure that
both pile and sleeve were kept plumb and level. All specimens were
arranged so that the longitudinal full penetration groove weld on the
sleeve was always 180° from the weld on the pile.

2.2.3 Grouting Process. The grout was batch mixed to the

desired weight specifications in an 8-cu. ft. mortar mixer. Some of
the grout slurry was then transferred to an electric screw-driven
grout pump. The balance of the slurry was continually mixed to avoid
segregation. The grout density was determined using a mud balance
shown in Fig. 2.8. The density results are given for each batch in

Table 2.8.
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TABLE 2.8 Grout Densities

Specimen Mix Pour Density
No. Type No. 1b/gal
UTAl, UTA2, UTM1 I 3 17.6
UTA3, UTM2, UTM3 I 4 17.7
UTA4, UTA5, UTA6 I 5 17.6
UTA13, UTMS, UTM6 I 6 17.5
UTA7, UTA8, UTA9 I 7 17.6
UTALO, UTA1ll, UTAl2 J 2 19.0

A manual shut-off valve was installed on the 3/4-in. nipple
welded to the bottom of the sleeve and the grout line from the pump
was attached. Next, the annulus between the pile and sleeve was
filled with water to simulate the displacement method of offshore
grouting described in Appendix C.

The grout slurry was injected into the bottom of the annulus
by opening the shut-off wvalve. After all the water had been
displaced, the grout slurry was allowed to flow out over the pile, as
shown in Fig. 2.9, until there was a change in the color of the
grout. Initially the slurry was diluted by the water in the annulus
causing it to become lighter in color. When all of the diluted slurry
was displaced from the annulus, its color darkened to that in the
grout pump. This process was repeated for all specimens 1in each

group. The rate of pumping was approximately four to five gallons per
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Fig; 2;9 Specimen showing grout flow over pile during
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minute. After grouting, all specimens were covered with plastic
vapor barriers.

Grout was taken from the mortar mixer to mold 2-in. (50.8 mm)
cube specimens in accordance with ASTM (€109-80 for determination of
feu. Also, 4 x 8 in. (101.5 x 203 mm) grout cylinders were poured
for the determination of the modulus of elasticityAand Poisson’s ratio
in accordance with ASTM G469-75. TFor test Series 3 to 6, 3 in. (76
mm) cubes and six shrinkage/swell specimens were cast. Figure 2.10
shows the many molds and specimens required to determine the grout
properties.

The molds for the shrinkage specimens were constructed of
1-in. (25.4 mm) I. D. schedule 40 PVC pipe and were a nominal 11-5/8
in. (295.3 mm) long. The specimens had gage points cast into each end

for measurement purposes. The 1-in. (25.4 mm) diameter was selected

to correlate with the specimen grout annulus.

2.2.4 Grout Columns. Model grout columns were constructed to
simulate specific aspects of offshore platform grouting. These
included the effects of pumping on grout strength, strength variation
with respect to grout column height and the correlation between ASTM
C109-80 cubes and grout cubes removed from the pumped grout columns.

Nominal 3 ft (914.4 mm) and 6 ft (1828.8 mm) grout columns
were fabricated out of transparent acrylic so that the grout slurry
could be viewed during pumping. The two-piece acrylic forms also

offered the added benefit of being mnonporous thus yielding an
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accurate representation of the sleeve-pile annulus. The inside
dimensions of the columns were 2-in. x 2-in. Thus after form removal
the columns could be cut into cubes which would correlate with the
ASTM C109-80 cubes.

The grout columns shown in Fig. 2.11 were injected with grout
at the same time as grouted sleeve-pile connection specimens. A
manual shut-off valve was installed on a 3/4-in. nipple located at
the lower end of the grout column. The column was then filled with
water to simulate the displacement method of offshore grouting. The
grout slurry was injected into the bottom of the column form by
opening the shut-off valve. The slurry was allowed to flow over the
form until all the water had been displaced and there was a change in
the color of the grout flowing over the form as described previously.

2.2.5 Grout and Specimen Curing. Immediately after grouting

all grouted connection specimens were covered with plastic vapor
barriers. After three days (one day for Series 6), the specimens were
removed from the forms and placed into 10-in. deep rubber tubs. The
tubs were then filled with water to contact the bottom end of the
grout ring. Next, the inside of each specimen was saturated with
water and a plastic vapor barrier was placed over the specimen as
shown in Fig. 2.12. Prior to testing each specimen was checked daily
and water added as required.

All cube molds were placed in vapor barriers for the first 24

hours, after which the molds were stripped and the cubes labeled. In



Fig. 2.1l 1Injection of grout into
2-in, grout columns
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the case of the 2-in. (50.8 mm) cubes, some cubes were placed into
vapor barriers with water and stored next to the specimens, while
others were placed in a lime bath in accordance with ASTM C192. TFor
the series in which 3-in. (76 mm) cubes were cast, all cubes were
stored in vapor barriers by the specimens. The 4 x 8 in. (101.5 x
203 mm) cylinders were stripped after 24 hours and stored inside one
of the grouted connection specimens until testing. The six shrinkage
specimens were divided into two groups; half the specimens were air
cured while the other half were placed in a lime bath.

The grout columns were covered with vapor barriers, similar
to those wused on grouted connection specimens, immediately after
pumping. Forms were wusually stripped after five days. The columns
were then moist cured in the vapor barriers until testing.

2.2.6 Determination of Grouted Length and Grout Annulus.

After grouting there was some settlement of the grout in the annulus
thus causing the exact height of the grout to vary around the annulus.
Also, the width of the grouted annulus varied somewhat due to the
initial out of roundness of the tubulars. After the grout had set, aﬁ
average grouted length and average grout annulus were determined for
each specimen. First the circumference of the pile was marked off
into 12 equal divisions (4.75 in.). At each of these locations both
the grout depth below the top of the pile and the annulus width were
recorded. Next, the exact pile-sleeve offset was determined by taking

the average value of three measurements 120° apart. By subtracting
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the sum of the pile-sleeve offset and the grout depth below the top of
the pile from the overall pile length, a grouted depth could be deter-
mined for each of the 12 locations. These values were averaged to
determine the grouted length of a specimen. The results for both the

average grouted length and grout annulus are listed in Table 2.9.

TABLE 2.9 Average Grouted Length and Annulus Properties

Specimen Ave. Grouted Annulus Width
No. Length Max. Mini. Ave,
(in.) (in.) (in.) (in.)
UTAl 33.54 1.13 0.91 0.99
UTA2 34,45 1.09 0.88 0.98
UTA3 35.72 1.16 0.94 1.00
UTM1 35.10 1.09 0.88 0.97
UTM2 35.50 1.13 0.84 0.96
UTM3 34.70 1.16 0.91 0.99
UTA4 30.55 1.06 0.94 1.00
UTAS 30.86 1.06 0.88 0.97
UTA6 30.25 1.09 0.94 1.00
UTA13 18.12 1.06 0.88 0.99
UTM5 17.82 1.09 0.94 1.02
UTM6 18.51 1.00 0.88 0.95
UTA7 34.58 1.50 0.50 N/A
UTAS8 34,05 1.56 0.56 N/A
UTA9 34,27 1.53 0.56 N/A
UTAL0 18.91 1.06 0.84 0.97
UTAll 18.63 1.06 0.88 0.98
UTAL2 18.65 1.19 0.88 1.00
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2.3 Experimental Test Procedures

2.3.1 Test Frame. Grouted connections in offshore platforms
are typically subjected to compressive axial forces and bending
moments arising from a combination of dead and environmental loading.
To simulate these loadings in the laboratory a test frame was designed
in which a compressive axial load or combined compressive axial load
and bending moment was applied to one end of the sleeve and these
forces reacted on the pile at the opposite end.

A schematic of the test frame is shown in Fig. 2.13. The
frame consisted of two circular steel platens connected together by
high strength steel bars. The bottom platen was stiffened to
reduce plate bending and to allow for easy access during the
installation and removal of the high strength bars. The load was
applied through the high strength bars by a combination of six 100
ton and one 200 ton hydraulic center hole rams.

2.3.2 Specimen Positioning. The specimens were lowered into

position on the bottom loading platen using a manually operated
overhead crane. The specimen (pile end) was centered on the bottom
loading head and plumbed using three equally spaced leveling bolts
which had been welded to the sleeve, Fig. 2.14. The position was
marked and the specimen lifted off the loading head to allow for the
application of a thin layer of hydrostone (high strength gypsum grout)
under the specimen. The hydrostone was used to ensure a uniform

bearing surface even though the tubular ends in contact with the
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loading head had been milled. The specimen was lowered back into
position and realigned. After the hydrostone had set, a similar
process was repeated for the upper loading platen (sleeve end). Next,
the high strength bars were installed and the center hole rams were
lowered 1into position. All bars were plumbed and leveling bolts
turned back. In all tests the full penetration groove welds on the
tubulars were positioned so they were at the bending neutral axis.
Figure 2.15 shows a specimen in the test frame.

2.3.3 Loading System

Axial load system. A schematic drawing of the loading system

used for axial load is shown in Fig. 2.16. The pressure required to
load the system was provided by a single electric pump. The pressure
in the rams was vregulated by a multipressure load maintainer. The
load maintainer and electric pump are shown in Fig. 2.17. All
hydraulic equipment was connected by flexible pressure hoses. The
multipressure load maintainer permitted the operator to control the
rate of pressure increase and oil flow into the rams. To ensure
uniformity of the load around the circumference of the specimen, all
rams were fed from a common hydraulic manifold.

The main hydraulic line from the load maintainer was branched
at a manifold with rams 1 and 4, (along with ram 7 when used), rams 2
and 5, and rams 3 and 6 put on three separate lines. Each branch line
contained a 10,000 psi pressure gage. All return lines wused a common

manifold. A pressure gage was also installed on the return side of
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the system at the pump to ensure that there was no back pressure in
the system during the loading process.

Axial load and bending moment system. A schematic drawing of

the loading system used for combined loading tests is shown in Fig.
2.18. Rams 1, 2, 3, and 7 were controlled by one 1load maintainer
channel, while rams 4 and 6 were controlled by another channel. Ram 5
was not connected. The hydraulic line controlling rams 1, 2, 3, and 7
was branched with rams 1, 2, and 3 on one line and ram 7 on another
line. The multipressure load maintainer allowed the operator to
maintain a constant pressure difference between channels during the
loading sequence, thus ensuring the desired stress distribution

across the section.

2.3.4 Instrumentation. The loads were monitored using the
10,000 psi pressure gages, accurate to 25 psi, and pressure
transducers accurate to 0.25%. The output from the pressure

transducers was monitored wusing a Hewlett-Packard (HP) data
acquisition systemn. The system automatically converted the voltage
readings to pressure and then converted the pressure to load using
the specified ram areas. The loads were corrected for the dead load
of the loading system later.

For all tests, except UTALl, the relative displacement between
the pile and sleeve was measured at four equally spaced positions
around the circumference of the specimen using Linear Voltage

Displacement Transducers (LVDT's) with 6-in. stroke as shown in Fig.
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2.19. In test UTAl the LVDT's measured the displacement of the
sleeve with respect to the bottom loading platen. Deflection
measurements were also observed at two LVDT's locations using
mechanical dial gages accurate to 0.001 in. The dial readings were
used to verify the values recorded by the LVDT's. An X-Y plotter
recorded the response of one of the pressure transducers and one of
the LVDT's,

2.3.5 General loading. The same general loading sequence was

followed for all specimens. During the initial stages of the test,
discrete load increments were applied and the resulting displacement
recorded. As loading increased to wultimate the stiffness of the
connection reduced, thus the loading sequence was switched to
displacement control. At the higher load levels creep occurred. At
this point in the loading sequence the o0il flow from the load
maintainer was stopped at the shut-off valve and readings taken. The
specimen was then allowed to reach static equilibrium and readings
were again taken.

After the initial failure, defined by a sudden slip or
continually increasing displacement with no increase in load, the
specimens continued to be 1loaded wuntil there was a noticeable
increase in deflection with decreasing load. Ultimate load was

defined as the maximum static load achieved during the test.
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2.3.6 Determination of Grout Properties

Grout strength. To determine the wunconfined compressive

strength (f.,) of the grout, 2-in. (50.8 mm) cubes were cast in
accordance with ASTM C109-80. The method of curing is reported in
Section 2.2.5. A number of cubes were tested during the curing
period to determine the rate of gain in grout strength and to assist
in determining the time of testing where grout strength was critical.
The grout strength curves determined in accordance with ASTM C109-80
are given in Appendix D. The mix designs are given in Tables 2.3 and
2.4 and the grout densities in Table 2.8. The remainder of the cubes
were kept for testing at the time of a specimen test. For the first
two series, specimens UTAl, UTA2, UTA3, UTMl, UTM2, and UTM3, the
grout strength was based on ASTM Cl09-80 recommendations of three
cubes. However, due to the scatter of cube test results, at least six
cubes (whenever possible) were used on all subsequent tests to
establish f;. A complete listing of the number of cubes used to
determine f,,; for each test is given in Table 2.10.

A number of 2-in. (50.8 mm) cubes were also placed in a lime
bath (See Section 2.2.5), to determine the effect of curing
environment on the rate of strength gain of the grout. The strength
curves are given in Appendix D.

In the development of Eq. 5, 3-in. (76 mm) cubes were used to
determine f.;. Consequently, to study the effect of cube size on

fey, 3-in. (76mm) cubes were cast in Series 3 to 6. The strength
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curves are given in Appendix D. As with the 2-in. (50.8 mm) cubes,
at least six 3-in. (76 mm) (whenever possible) cubes were tested at

the time of a specimen test.

TABLE 2.10 Size and Quantity of Grout Cubes Used to Determine f.

Specimen No. 2-in. No. 3-in. Specimen No. 2-in. No. 3-in.
No. Cubes Cubes No. Cubes Cubes
UTAl 3 N/A UTA13 3 3
UTA2 6 N/A UTM5 6 6
UTA3 3 N/A UTMé6 3 3
UTM1 6 N/A UTA7 3 6
UTM2 3 N/A UTAS 6 6
UTM3 3 N/A UTA9 3 3
UTAA 3 6 UTALO0 6 6
UTAS 6 6 UTAll 6 6
UTA6 6 6 UTA12 6 6
Grout shrinkage/swell characteristics. These specimens were

measured using a digital read-out length comparator accurate to
0.0001 in., shown in Fig. 2.20. The readings were taken at 24 hours,
three days and seven days. After seven days the readings were taken
at seven day intervals until 56 days. The initial 24 hour reading was
used as the zero to which all other measurements are referenced. The
readings from three specimens were used to determine the average

amount of shrinkage/swell that occurred during a given recording



Fig, 2.20

Shrinkage specimen in digital
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period. The shrinkage/swell plots for tests Series 3 to 6 are given
in Appendix D.

Grout column cube strength. On the day of testing, the grout

columns were removed from the vapor barriers, and 2 in. cubes were
cut from the columns wusing a high speed rock saw, equipped with a
l4-in. diamond tipped blade. Figures 2.20 and 2.21 show the typical
cube locations for the 3 ft (914.4 mm) and 6 ft (1828.8 mm) columns,
respectively. All cubes were tested in accordance with ASTM C109-80.
However, for the grout columns the average value from the thrée cubes
at a given location was taken as the unconfined compressive strength
at that location. Results of column cube tests are given in Appendix
D,

Determination of grout modulus and Poisson's ratio. The

modulus of elasticity of the various grout mixes was determined in
accordance with ASTM C469-75 wusing 4 x 8 in. (101.5 x 203 mm) grout
cylinders. The modulus tests were carried out as soon after specimen
testing as possible. Strains were measured using four 2.4-in. (60
mm) 120-ohm resistance strain gages. The gages were mounted in
diametrically opposite pairs with one set longitudinal and the other
set transverse. Strains were recorded at 2500 1b (11 KN) increments
using a strain indicator and balance box. The average value for a
given pair of strain gages was taken as the strain for the given load
level. Appendix D contains all stress-strain curves for all the

various mixes and pours.
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2.3.7 Steel Coupon Test. Coupons were cut from two randomly

selected 18-in. (457 mm) diameter piles and 21-in. (533 mm) diameter
sleeves. The static yield strength, Fy, was taken as the average
value obtained from the two coupons of a given pipe diameter. The

standard test coupons were machined to ASTM A370-71 Specification for

the Mechanical Testing of Steel Products [31]. Figure 2.23 shows a
typical stress-strain plot for a tension coupon. The static yield
point was determined using the 0.2% offset method. As discussed in

Reference 32, the static yield plateau was determined by holding
deformation constant for five minutes at three seperate load levels.
Strains were measured using a 2-in. (50.8 mm) extensiometer capable of
measuring strains of 0.0005 in./in. The strain indicator was

removed once the static readings were recorded, and the tension

coupon was then loaded to wultimate. Percent elongation was
determined using a 2-in. (50.8 mm) gage length. The static yield
stress 1s considered accurate to 0.3%. A summary of the tension

coupon tests is given in Table 2.11.



TABLE 2.11 Summary of Tension Coupon Tests

83

Tube Dia. Coupon Static  Dynamic Ultimate % Elong.
No. Yield Yield Strength (2-in. gage)
(in.) (ksi) (ksi) (ksi)
18 P-1 45.7 46.3 75.7 15.0
P-2 47.1 48 .4 73.6 23.0
Ave, 46.4 47.4 74.7 19.0
Mill report 51.0 72.7 26.0
ASTM A572 50.0 65.0 19.0
21 5-1 64.8 65.8 94.1 18.0
S-2 61.8 62.8 91.7 20.0
Ave 63.3 64.3 92.9 19.0
Mill Report 73.8 93.8 17.0
ASTM A588 50.0 70.0 19.0
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CHAPTER 3

TEST RESULTS

3.1 General

Eighteen scale model grouted connections were tested.
Thirteen of the tests specimens were subjected to pure axial loading
(UTA) while the other five specimens were subjected to combined
loading (UTM). For the test specimens under combined loading (axial

and bending) the e/DP ratio was 0.28. The combined loading

produced a triangular stress distribution, zero stress on one extreme
sleeve fiber and maximum compressive stress on the other extreme

fiber. The type of test, grout mix, L/DP ratio, age at testing, and

loading conditions wused in the test program are outlined in Table
3.1.

The unconfined compressive strength (f,) of the grout
listed in Table 3.1 was determined on the day of the test using the
number and size(s) of cubes given in Table 2.10. Table 3.1 also

contains the grout modulus, E Poisson’s ratio, v, and modular

g
ratio, m. The stress-strain curves used to establish Eg and v are
given in Figs. D-7 to D-15 of Appendix D.

Figure 3.1 shows a typical load-displacement curve in terms of
average bond stress as defined in Section 1.3.2 versus relative axial
displacement between pile and sleeve. Average bond stress

displacement curves for each test are presented in Appendix E. The

84
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displacements plotted for axial load represent an average value from
the four LVDT's. For combined loading the displacement represents an
average value of the two LVDT'’s located on the bending neutral axis.
The ultimate static axial load, bond stress, f,,, and displacement
at ultimate are given in Table 3.1 for each test. A table of results
by series is also included in each section. The series summary tables
include the unconfined grout strength (f,,) based on 2 in. (50.8 mm)

cubes, ultimate static axial load, corresponding ultimate bond stress

and the wultimate bond stress normalized with respect to both Jf

cu
and £ . Sample calculations of calculated values are included in
Appendix F.

The wultimate bond stress 1is given in two formats in the

summary tables. The first method of calculating the ultimate bond

stress, (fﬂm), is the standard method used by previous investigators,

where the ultimate load is divided by = DL where L is the average
grouted length from Table 2.9. The second method of calculating the

ultimate bond stress (fﬂm) is based on the grout length between
the first and last shear keys within the grouted length of the
specimen. For experimental specimens the omission of the load
transferred by bond before and after the last shear key can be
considered insignificant in comparison with the load transferred by

the shear keys. The second method of bond stress calculation yields a
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constant grouted length value for each series. Therefore, unlike the
standard method using L, the scatter of data remains constant in the
conversion of ultimate load to ultimate bond stress. Table 3.2 gives

the constant grouted lengths used for each series.

2
TABLE 3.2  Constant Grouted Lengths used for Calculation of f

Series Grouted Series Grouted
No. length No. length
(in.) (in.)
1 31.9 4 14.9
2 31.9 5 31.9
3 29.8 6 14.9

The following .sections describe individual test groups by

series as listed in Section 2.1.1.

3.2 Series 1: Reference Tests

Three axial 1load tests were performed to establish a
reference to which the other five series could be compared and also
to allow for correlation with previous research. Ultimate load and
bond stress are given in Table 3.3. The grout strength curves for
Mixes I3 and I4 are given in Figs. D-1 and D-2 of Appendix D. The

load-displacement graphs, in the form of the bond stress versus
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TABLE 3.3 Results of Series 1: Reference Tests

Specimen £,  Ultimate *£L *£2 oo/ \fou £ /f

No. (psi) Load (psi) (psi)

UTAL 3930 973 513 540 8.18 0.131
UTA2 3970 1007 517 559 8.21 0.130
UTA3 4020 960 475 533 7.49 0.118
MEAN 3973 980 502 546 7.96 0.126
S.D. 45.1 24.3 23.2 13.5 0.41 0.007
%-DIF 2.2 4.7 8.1 4,7 8.8 9.9

*See Appendix F for sample calculation

relative axial displacements between pile and sleeve are shown in
Figs. E-1 to E-3 of Appendix E.

3.2.1 Test UTAl. The displacement for this first test was
measured relative to the bottom loading platen, therefore, the
displacement includes some plate bending. The first noticeable slip
occurred at approximately 480 k (2135 KN). The maximum load was 973 k
(4328 KN) at a displacement of 0.34 in. (8.64 mm). The valve between
the load maintainer and the vrams, shown in Fig. 2.16, was not
installed for this test. Consequently, after the ultimate load was
reached no lower equilibrium loads were obtained since the loading
system continued to supply oil to the rams. At this point, the
commection was allowed to slip until it was apparent that static

equilibrium conditions could not be achieved. The connection was
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then completely wunloaded. The total recorded average displacement
was 2.46 in. (62.5 mm).

3.2.2 Test UTA2. The specimen was loaded to 136 k (605 KN)
then unloaded due to an instrumentation problem. First slip occurred
at about 470 k (2091 KN). At a load of 1006 k (4475 KN) and a
displacement of 0.18 in. (4.6 mm), the specimen experienced a sudden
slip of 0.17 in. (4.3 mm). The specimen was unloaded and reloaded.
Upon reloading the specimen reached a maximum load of 1007 k (4480 KN)
at a displacement of 0.37 in. (9.4 mm). During the néxt load increment
the specimen again experienced a sudden displacement (0.34 in.) after
which the capacity continually decreased.

After testing a section of the sleeve was removed. Figure
3.2 shows the sleeve side of the grout surface. Arrows on the figures
indicate the direction of applied load on the sleeve. The slippage
on the sleeve side varied from 1.5 in., (38.1 mm) at the top of the
specimen to 0.5 in. (12.7 mm) at the bottom. Figure 3.3 shows the
pile side of the grout surface where the slippage was constant along
the length and equal to the measured relative displacement of 1.8 in.
(45.7 mmm). Figure 3.4 1is a profile of the grout showing the
completely formed crack pattern.

3.2.3 Test UTA3. The specimen experienced no measurable
displacement until a load of about 317 k (1410 KN). The specimen

reached a maximum load of 960 k (4270 KN) with a corresponding
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Fig. 3.4 Grout profile of Specimen UTA2 showing
crack pattern
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displacement of 0.24 in. (6.1 mm). The test was stopped with a final

relative displacement of 1.33 in. (33.8 mm).

3.3 Series 2: Combined Loading

In Séries 2, the behavior of specimens subjected to combined
loading (axial and bending) was examined. Ultimate load and bond
stress results are given in Table 3.4. The grout strength curves for
Mixes I3 and I4 are given in Figs. D-1 and D-2 of Appendix D. The
load-displacement plots, in the form of the bond stress versus
relative axial displacement between pile and sleeve are shown in

Figs. E-4 to E-6 of Appendix E.

TABLE 3.4  Results of Series 2: Combined Loading

Specimen £, Ultimate oo £2, fﬁu/4f;u £ /E
No. (psi) Load (psi) (psi)
UTM1 4380 *1011 *509 *561 *7.69 *0.116
UTM2 4100 1119 557 621 8.70 0.136
UTM3 4200 1150 586 638 9.04 0.140
MEAN 4227 1135 551 607 8.48 0.131
S.D. 141.9 21.9 38.9 40.5 0.70 0.013

3.8 2.9

%-DIF 6.4 2.7 4.9 2.7

* Not included in calculation of mean, S.D. or %-difference since
ultimate load represents pure axial loading
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3.3.1 Test UIMl. For UIMl rams 4, 5 and 6 shown in Fig. 2.18
were not used. The specimen exhibited minimal displacement until a
load of about 274 k (1219 KN). At an axial load of 865 k (3848 KN),
moment of 4298 in.-k (486 KN-m) and a relative displacement of 0.11
in. (2.8 mm) the hydraulic pump reached maximum capacity. The
specimen was unloaded and the loading system altered to apply moment
in the opposite direction. The specimen was again loaded up to the
pump capacity. The relative axial displacement increased only 0.02
in., (0.5 mm). The specimen was unlqaded and reloaded with the same
results. The specimen was then reloaded in pure axial loading and
failed at a load of 1011 k (4497 KN). The corresponding displacement
was 0.38 in. (9.7 mm).

3.3.2 Test UTM2. The specimen reached a maximum axial load
of 1119 k (4978 KN) and moment of 5520 in-k (623.7 KN-m) at a
displacement of 0.25 in. (6.4 mm). The test was stopped at a final
relative displacement of 1.31 in. (33.3 mm).

After testing the sleeve was removed exposing the grout
surface which had been subjected to the highest compressive bending
moment. Figure 3.5 shows the sleeve side of the grout surface.
Figure 3.6 shows the corresponding pile side of the grout surface.
Figure 3.7 1is a profile of the grout showing the completely formed

crack pattern.
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3.3.3 Test UTM3. The specimen was loaded up to an axial load
of 1150 k (5116 KN) and moment of 5702 in.-k (644 KN-m), which was at
the capacity of the hydraulic pump. On subsequent unloading and
reloading there were slight increases in displacements, although the
load remained fairly constant. However, due to possible damage to the
pump and other equipment the specimen was unloaded. Pure axial load
was then applied until failure at a load of 954 k (4244 KN). The

corresponding displacement was 0.31 in. (7.9 mm).

3.4 Series 3: Relative Shear-key Location

In Series 3, the effect of relative location of pile and
sleeve shear keys was examined. The sleeves and piles were
positioned with the shear keys directly across from each other.
Ultimate load and bond stress results are given 1in Table 3.5. The
grout strength curve for Mix I5 is given 1in Fig. D-3 of Appendix D.
The load-displacement plots, in the form of the bond stress versus
relative axial displacement between pile and sleeve are shown in
Figs. E-7 to E-9 of Appendix E.

3.4.1 Test UTA4. The ultimate load of 1094 k (4867 KN) was
reached at displacement of 0.54 in. (13.7 mm). During subsequent

loading, the specimen experienced a sudden slip to 1.01 in. (25.7 mm).
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TABLE 3.5 Results of Series 3: Relative Shear-Key Location

Specimen f.,  Ultimate £ £ fro/ Nfoa  Eou/Feu
No. (psi) Load (psi) (psi)
UTA4 5990 1094 633 650 8.18 0.106
UTAS 5780 1243 712 739 9,37 0.123
UTA6 6110 1143 668 679 9.01 0.109
MEAN 5960 1160 671 689 8.85 0.113
S.D. 167.0 75.9 39.6 45.4 0.61 0.009
$-DIF . 5.4 13.6 12.5 13.6 12.7 13.8

The failure was accompanied by a loud bang as the specimen released
stored energy.

3.4.2 Test UTA5. The specimen carried an ultimate load of
1243 k (5529 KN) with a displacement of 0.43 in. (10.9 mm). This test
was stopped at the peak load so that the grout crack pattern at
ultimate could be studied. The peak load was taken as that point at
which three successive loading increments yielded less than a 1%
increase in capacity. Figure 3.8 shows the sleeve side of the grout
surface. The slippage on the grout surface varied from 11/16 in.
(17.5 mm) at the top of the connection to 3/16 in. (4.8 mm) at the
bottom. The figure also shows significant erushing of the grout ahead
of the shear keys. Figure 3.9 shows the pile surface of the grout.

The slippage varied from 1/4 in. (6.4 mm) at the top of the comnection
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to 3/4 in. (19.1 mm) at the bottom. Figure 3.10 shows a profile of
the crack pattern at ultimate load.

3.4.3 Test UTAS6. The specimen carried an ultimate load of
1143 k (5085 KN) with a corresponding displacement of 0.46 in; (11.7

mm). The load-slip behavior was similar to that of UTA4 and UTAS.

3.5 Series 4: Length Effect on Combined Loading

In Series 4 the effect of 1length on comnections under

combined loading was examined. The L/D, ratio for the specimens in

Series 4 was 1.0 as compared to 2.0 for the previous three series;
however, the e/Dp ratio of 0.28 was still maintained. Ultimate load
and bond stress results are given in Table 3.6. The grout strength
curves for Mix I6 are given in Fig. D-4 of Appendix D. The bond
stress versus relative axial displacement between pile and sleeve,
are shown 1in Figs. E-10 to E-12 of Appendix E.

3.5.1 Test UTA13. This specimen was a reference test for the
other two specimens of the series, and was subjected to pure axial
load. The specimen reached an ultimate load of 524 k (2331 KN) at a
displacement of 0.08 in. (2.0 mm). The post ultimate behavior was

similar to that of the axial specimens in Series 1 with L/D, ratios

of two.
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Fig, 3.10 Grout profile of Specimen UTA5 showing
crack pattern
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TABLE 3.6 Results of Series 4: Length Effect on Combined Loading

Specimen £, Ultimate fi £, £ro/ \Fou £ /5.
No. (psi) Load (psi) (psi)
UTA13 4930 *524 *511 %623 *7.28 *0.104
UTM5 5480 857 850 1019 11.58 0.155
UTM6 5670 737 704 867 9.79 0.124
MEAN 5360 797 777 948 10.69 0.140
S.D. 384 84.9 103.2 107.5 1.27 0.02
%-DIF 13.1 14.0 17.2 14.0 15.5 20.0

* Not included in calculation of mean, S.D. or $-difference since
ultimate load represents pure axial loading

3.5.2 Test UIM5. The specimen carried an ultimate axial load
of 857 k (3812 KN) and moment of 4331 in-k (489 KN-m). The
corresponding displacement was 0.41 in. (10.4 mm). During the
loading process there was noticeable rotation of the sleeve relative
to the pile. The ﬁaximum recorded difference in displacement between
the side of the sleeve under maximum compressive stress and the side
with zero stress was 0.623 in. (15.8 mm). As the load approached
ultimate the tubes tended to rotate back to their initial plumb
positions and remained that way through post ultimate loading.

After testing the sleeve was removed exposing the grout
surface which had been subjected to the highest bending moment.

Figure 3.11 shows the sleeve surface of the grout. The slip varied
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from 15/16 in. (23.8 mm) at the top of the comnection to 5/8 in. (15.9
mm) at the bottom. Unlike the conditions under pure axial load
(Figs. 3.2 and 3.8), Fig. 3.11 shows that a significant amount of
cracking occurred between shear key locations. Figure 3.12 shows the
pile surface of the grout. Due to the cracking no slip measurements
could be taken. Figure 3.13 is a profile of the crack pattern.

3.5.3 Test UTM6. The behavior was similar to Test UIM5. The
ultimate load obtained was 737 k (3278 RN) and moment of 3678 in-k
(416 KN-m) with a corresponding displacement of 0.17 in. (4.3 mm).
The post ultimate behavior, however, was accompanied by significant
sudden slip, Fig. E-12, instead of the gradual decrease in capacity as

in UTM5.

3.6 Series 5: Eccentric Pile and Sleeve

In Series 5, the effect of eccentricially placed piles and
sleeves, shown in Fig. 3.14 was investigated. The width of the
annmulus varied from a minimum of 0.5 in. (12.7 mm) to a maximum of
1.5 in. (38.1 mm). The specimens were subjected to axial load,
although some small amounts of moment developed due to the relative
pile-sleeve alignment in the test frame. Ultimate load and bond
stress results are given in Table 3.7. The grout strength curve for

Mix I7 is given in Fig. D-5 of Appendix D. Bond stress versus



Fig. 3.13 Grout profile of Specimen UTM5
showing crack pattern

Fig. 3.14 Typical anmnulus for eccentfically
placed pile and sleeve specimens
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TABLE 3.7 Results of Series 5: Eccentric Pile and Sleeve

Specimen £, Ultimate f}, £ £ro/ \foa £ /E.

No. (psi) Load (psi) (psi)

UTA7 4760 1234 631 685 9.15 0.133
UTAS8 5010 1055 548 585 7.74 0.109
UTA9 5350 1106 571 614 7.81 0.107
MEAN 5040 1132 583 628 8.23 0.116
S.D. 296 92.2 42.9 51.4 0.79 0.014
$-DIF 11.0 17.0 15.1 17.1 15.4 19.5

relative axial displacement are shown in Figs. E-13 to E-15 of
Appendix E.

3.6.1 Test UTAJ. The first noticeable slip occurred at
approximately 532 k (2367 KN). Post wultimate behavior was similar to
Series 1 axial tests. The wultimate load was 1234 k (5489 KN) at a
relative displacement of 0.44 in. (11.2 mm).

3.6.2 Test UTAS. The specimen carried an wultimate load of
1055 k (4693 KN) with a displacement of 0.29 in. (7.4 mm). This test
was stopped at the peak load so that the grout crack pattern at
ultimate could be studied. The peak load was taken as that point at
which three successive loading increments yielded less than a 1%
increase in capacity. Figure 3.15 shows the sleeve side of the grout
surface. The slippage on the grout surface varied from 1/2 in. (12.7

mm) at the top of the connection to 1/4 in. (6.4 mm) at the bottom.
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Figure 3.16 1is a view of the pile side of the grout surface. The
slippage on the grout surface varied from 5/16 in. (7.9 mm) at the
top of the commection to 9/16 in. (14.3 mm) at the bottom. Figures
3.17 and 3.18 show profiles of the grout showing the crack pattern at
ultimate, for both the 0.5 in. (12.7 mm) and 1.5 in. (38.1 mm) sides
of the annulus, respectively.

3.6.3 Test UTA9. The behavior of specimen UTA9 was similar
to UTA7 and UTA8. First noticeable slip occurred at approximately 527
k (2344 KN). The ultimate load obtained was 1106 k (4920 KN) at a

relative displacement of 0.26 in. (6.6 mm).

3.7 Series 6: High Grout Strength

In Series 6 the behavior of specimens with high strength
grout was examined, Other investigators have reported increases in

comnection capacity with grout strength, therefore, a L/D, ratio of

1.0 was used to ensure that the connection capacity did not exceed
the test frame capacity. Ultimate load and bond stress results are
given in Table 3.8. The grout strength curves for Mix J2 are given
in Fig. D-6 of Appendix D. The load-displacement plots, in the form
of bond stress versus relative axial displacement between pile and
sleeve are shown in Fig. E-16 to E-18 of Appendix E.

3.7.1 Test UTA10. The specimen was tested at an age of 2

days. At this time the grout strength f  was similar to specimen



Fig, 3.17 Grout profile of Specimen UTA8 showing
crack pattern for side with 1/2-in,
annulus

Fig. 3.18 Grout profile of Specimen UTA8 showing
crack pattern for side with 1-1/2 in

annulus ‘
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TABLE 3.8 Results of Series 6: High Strength Grout

Specimen f.. Ultimate f;u fgu f%u/ NEou féu/ .
No. (psi) Load (psi) (psi)
UTA10 *6630 *537 *502 *638 *6.17 *0.,076
UTAll 11120 720 683 856 6.48 0.061
UTAL12 10680 692 656 780 6.35 0.061
MEAN 10900 706 670 818 6.42 0.061
S.D. 311 19.8 19.1 53.7 0.09 0.00
%-DIF 4.0 3.9 4.0 8.9 2.0 0

* Not included in MEAN, S.D. or %-DIF since these are 2-day results

UTAl13, thus increasing the data base for the axial loaded specimens

with L/Dp ratios of one. The behavior was similar to that of other

axial loaded specimens. The ultimate load was 537 k (2389 KN) at a
relative displacement of 0.17 in. (4.3 mm).

3.7.2 Test UTAll. The specimen behavior was similar to other
axial tests although the post-ultimate capacity tended to decrease at
a faster rate. The ultimate load was 720 k (3203 KN) with a relative
displacement of 0.21 in. (5.3 mm).

3.7.3 Test UTAl2. The specimen carried an ultimate load of
692 k (3078 KN) with a relative displacement of 0.24 in. (6.1 mm).
The test was stopped at the peak load so that the grout crack pattern
at ultimate could be studied. The peak load was taken as that point
at which three successive loading increments yielded less than a 1%

increase in capacity. Figure 3.19 is a view of the sleeve side of the
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grout surface. The slippage on the grout surface along the length of
the connection varied very little with a maximum slippage at the top
of 9/16 in. (14.3 mm) and 1/2 in. (12.7 mm) at the bottom. Figure
3.20 is a view of the pile side of the grout surface, slippage along
the length wvaried from 5/16 in. (7.9 mm) at the top of the connection
to 1/2 in. (12.7 mm) at the bottom. Figure 3.21 shows a profile of

the grout crack pattern at ultimate.

3.8 Measurement of Compressive Strength
At present, a number of different cube sizes are used to
determine the unconfined compressive strength of grout. The most

common cube sizes are 2-in. (50.8 mm), 3-in. (76 mm), and 4-in.
(100 mm). The 2-in. (50.8 mm) cube is the size specified by ASTM
109-80 whereas the 3-in. (76 mm) and 4-in. (100 mm) cubes are standard
sizes in the United Kingdom and Norway, respectively.

The recorded strength of a cementitious material has been
shown to be dependent upon the size of the test specimen [21]. At the
present time, there is no single factor relating the unconfined
compressive strength determined from different size specimens; this is
due to the fact that the strength is also dependent upon age and mix

design. Thus, for Series 3 through 6 both 2-in. (50.8 mm) and 3-in.
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Fig, 3.21 Grout profile of
Specimen UTA12 showing
crack patterns



114

(76 mm) cubes were cast. The results of these strength curve tests
are shown in Tables 3.9 through 3.11. The grout strength curve values
were determined using the standard three cubes in accordance with ASTM
Cl109-80. Table 3.9 1lists the results of cubes using Mix Design I,
given in Table 2.3, while Table 3.10 gives the results for cubes using
Mix Design J, given in Table 2.4. Table 3.11 gives the comparison at
the time of a grouted commection test. In all tables the ASTM C109 2-
in. (50.8 mm) cube was used as the basis in establishing the
multiplication factors. Although the results do not represent a
statistical sampling they are comparable to results by other

investigators [21, 33].

3.9 Grout Column Cube Results

Figure 3.22 shows a histogram of column cube strength
normalized with respect to the ASTM Cl09 cubes for the six sets of
grout columns injected using Mix Design I given in Table 2.3. The
results of the individual column cube tests for the six sets of Mix I
columns and one set of Mix J columns are given in Figs. D-20 through

D-27 of Appendix D.
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TABLE 3.10 Compressive Strength for Mix J: Multiplication Factors
with Respect to 2-in. Cubes

feu feu

Age, Days 2-in. cubes 3-in. cubes Ratio
(psi) (psi)

1 4581 5000 1.09

2 6630 6690 1.01

7 9214 7053 0.77

14 9648 10263 1.06

21 10350 8377 0.81

28 11381 8846 0.78

See Table 2.4, for mix proportioms
Strength curves were determined using 3 cubes

TABLE 3.11 Compressive Strength: Multiplication Factors on Day of
Testing with Respect to 2-in. Cubes

Spec. Ratio Spec. Ratio Spec. Ratio Spec. Ratio
No. No. No. No.

UTA4 1.28 UTA13 1.15 UTA7 1.01 UTA10 1.01

UTAS 1.28 UTM5 1.12 UTAS8 1.12 UTAll 0.94

UTA6 1.02 UTM6 1.00 UTA9 1.07 UTA12 0.88
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Fig, 3.22 Histogram of pumped grout column cubes vs ASTM C109
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CHAPTER 4

EVALUATION OF TEST RESULTS

4.1 General

Before comparing the measured results with the wvalues
predicted by the empirical formulas given by Eqs. 5 and 9 of Chapter
1 the amount of scatter in the experimental f. énd £, values will be
discussed. Figure 4.1 shows a plot of the ultimate measured bond
stress f;, vs the unconfined compressive strength, £ times h/s for
the 85 shear-keyed specimens listed in Table 2.1 and the seven pure
axial specimens tested in the current test program. The figure shows
in general that The University of Texas specimens exhibited a slightly
higher f;, for a given f_h/s. Other investigators [4,6,21,33] have
shown that the grouted connection strength is a function of the tubes
radial stiffness. The higher strength indicated in Fig. 4.1 1is most
likely due to the large radial stiffness of the specimens, as
discussed in Section 2.1.2 of Chapter 2.

Figure 4.2 is a plot of f, vs f_h/s for the 18 specimens
reported herein. The plot indicates that for Series 1, 2, 3 and 5
there was very little scatter in the ultimate connection strength for
a given series. For the pure axial reference test there was only a 5%
maximum difference in ultimate loads of three specimens. Series 2, 3

and 5 had maximum differences of 3%, 13% and 17%, respectively.
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Series 4  results for Specimens UTM5 and UTM6 indicate
significantly higher bond stresses. These results, however, should
not be considered as valid ultimate bond stresses since there is a
significant length effect for specimens tested under combined loading.
A substantial amount of the strength of these connections came from
the prying action that developed between the tubes under the action of
the applied bending moment.

Series 6 results are also not directly comparable since there
was a significant difference in grout strengths. However, Fig. 4.2
does indicate that the grouted connection strength increases with

increased grout strength.

4.2 Repeatability Between Tests

Series 1: Reference Tests. This series of tests had three

nominally identical grouted connections tested under the same axial
loading conditions. Based on 2-in. cubes, the grout strength for the
series can be considered constant since there was only a + 1% variance
from the mean value of 3973 psi, the respective scatter for tests
UTAl, UTA2, and UTA3 from the mean ultimate bond strength, £ of 502
psi, as determined from 2-in. cubes was -5%, +2%, +3%, respectively.
Specimen UIMlL should also be compared with this series since the

ultimate bond stress is based on axial loading. For this test the
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grout strength, f is 10% higher than the mean value of 3973 psi.

cu?

The wvariation of f,, from the mean is +1%.

Series 2: Combined Loading. The grout strength for Specimens

UIM2 and UTM3 varied only +1% from the mean value of 4150 psi,
established by 2-in. cubes. Specimen UTM1 will not be included here
since the wultimate bond stress was based on axial load. The scatter
fromf'bu was -3% and +3% for Specimens UTM2 and UTM3, respectively.

Comparing Series 2 to 1 indicates that application of combined
loading does not adversely effect the ultimate bond stress of the
comnection. In fact, the mean f, for combined loading increased 14%
over that for axial load alone. This increase may be due in part to
the slight increase in the mean grout strength of about 4%. However,
the more likely explanation is that a horizontal force develops during
loading due to the relative rotation of the pile and sleeve. As
explained in Section 3.5 of Chapter 3, the rotation was very
pronounced for the specimens under combined loading with L/Dp ratios
of one.

Series 3: Relative Shear-Key Location. The mean grout

strength for Series 3 specimens was 5960 psi, based on 2-in. cubes.

The scatter in f was +1%, -5%, and +3% for tests UTA4, UTA5, and

cu

UTA6, respectively. The variation from the mean, f,,, of 671 psi was

u’
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-6%, 0%, and +6% for Specimens UTA4, UTAS5, and UTA6. Comparison with
Series 1 indicates a 34% increase in the mean f,, for Series 3. The
increase in bond strength is due to a 50% increase inkfm“‘for Series
3 over Series 1.

Series 4: Length Effect on Combined Loading. The grout

strengths for Specimens UTA13, UIMS, and UTM6 varied -8%, 42%, and
-6%, respectively, from the mean value of 5360 psi established from
2-in. cubes. Comparison of £, for axially loaded Specimen UTA13
(L/DP = 1) with those axially loaded specimené of Series 1 (L/Dp=2)
indicates there was a 24% increase in grout strength of UTAl3 over the
mean grout strength of 3973 psi for Series 1 and yet only a 2%

increase in wultimate bond stress, f,- When £ 1is normalized with

respect to ,f  and f_  UTA13 yields 10% and 26% decreases in the

ultimate comnection strength, respectively. This behavior indicates

that there is a length effect for grouted connections with L/D, = 1,

which decreases the ultimate bond stress.

Specimens UIM5 and UTM6 exhibited significant increases in f,
(+64%, +41%, respectively) over that for Specimen UTA13. As explained
previously, this large increase 1is believed to be due to a locking
force that developed at the ends of these short connections during

moment application.
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Series 5. Eccentric Pile and Sleeve. The mean grout

strength, based on 2-in. cubes for Specimens UTA7, UTA8, and UTA9 was
5040 psi. The scatter in the respective f_, values from the mean was
-6%, -1%, and +6%. The mean f,, was 583 psi with the scatter in data
being +8%, -6%, and -2% for Specimens UTA7, UTA8, and UTA9,
respectively.

Comparison of the mean f,, of 583 psi with the mean £, of
Series 1 (502 psi) indicates a 16% increase in strength. However,

f,, for Series 5 was 27% higher than Series 1. When the ultimate bond

stress is normalized with respect to .lfcu (see Tables 3.3 and 3.7),

Series 5 yields a 7% decrease in ultimate connection strength. This
scatter is within the expected range of test scatter, thus pile-sleeve
eccentric does not have an effect on the ultimate strength of a
grouted connection.

Series 6: High Grout Strength. For Specimens UTAll and UTA12

the mean grout strength, £ was 10,900 psi. The scatter of £, was
+29% for UTAll and -2% for UTAl2. The mean ultimate bond strength,
f,.» was 760 psi, based on 2-in. cube results with scatter of 2%.
Comparison with Specimen UTA10 (f_, = 6630 psi) indicates that a 1.64

increase in grout strength caused only a 1.33 increase in f.- This

implies that Jf_ used in the UK Eq. 5 is a better indicator of the

cu
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relationship between the wultimate bond strength and the unconfined

compressive strength than f , used in API Eq. 9.

4.3 Comparison with Calculated Values

Table 4.1 lists the calculated values of f,, for each test
using mean UK Eq. 5 and API Eq. 9 given in Section 1.2 of Chapter 1.
The values are calculated using both 2-in. and 3-in. cubes. In Eq. 5
the value of K was calculated using the modular ratio listed in Table
3.1, and the nominal (D/t) ratios from Table 2.2, the coefficient G,
was taken a 1.0 for shot-blasted surfaces. The length effect
coefficient, C;, was taken as 1 for specimens with L/D, ratios of 2.

For those specimens with L/Dp ratios of 1, the G, value was taken as

0.72 as recommended in Ref. 9.

Table 4.2 lists the allowable values of bond stress, £y, for
each specimen using UK Eq. 8 and API Eq. 10 given in Section 1.2 of
Chapter 1. Also, included in Table 4.2 is the factor of safety of £,
with respect to the measured f, for each test. Sample calculations
are given in Appendix F.

The results in Tables 4.1 and 4.2 can be summarized as
follows:

- For the grout mixes, grout strength, and age of testing

used in this test program there is no significant
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TABLE 4.2 Comparison of Measured and Allowable Bond Stresses Using
UK Eq. 8 and API Eq.10
Specimen Measured Allowable Safety Allowable Safety
No. fhu Eq. 8 Factor Eq. 10 Factor
(psi) (psi) (psi)
UTAL 513 63.8 8.0 51.4 10.0
UTA2 517 63.8 8.1 51.8 10.0
UTA3 475 60.4 7.9 52.2 9.1
UTM1 509 66.9 7.6 55.0 9.3
UTM2 557 63.1 8.8 54.9 10.1
UTM3 586 66.9 8.8 57.8 10.1
UTA4 633 84.4 7.5 67.9 9.3
UTAS5 712 85.5 8.3 69.1 10.3
UTA6 668 88.8 7.5 71.9 9.3
UTA13 511 52.8 9.7 59.4 8.6
UTM5%* 850 55.9 15.2 63.8 13.3
UTM6%* 704 53.4 13.2 62.5 11.3
UTA7 631 75.6 8.3 60.5 10.4
UTAS8 548 71.5 7.7 57.6 9.5
UTA9 571 80.3 7.2 65.5 8.7
Mean#*#* 8.1 9.6
S.D. 0.70 0.60
$ C.V. 8.6 6.2
UTA10 502 62.4 8.0 73.0 6.9
UTAll 683 92.5 7.4 114.5 6.0
UTAL2 656 90.8 7.2 110.8 5.9
Mean#** 7.5 6.3
S.D. 0.42 0.55
$ C.V. 5.5 . 8.9

*Not included in calculation of mean, S.D., or % C.V.
**Specimens grouped according to grout mix.
(Table 2.3) and second group used Mix J (Table 2. 4)

First group used Mix I
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difference in the calculated f,, values when using either
2-in. or 3-in. cubes in Eq. 5 or Eq. 9.

For normal strength Mix I, Eqs. 5 and 9 yielded an
average decrease in the calculated ultimate bond stress,
f. of 5.8% for the 2-in. (50.8 mm) cubes when compared
with the strength obtained wusing 3-in. (76 mm) cubes,
with a range of 0.3% to 13.8%.

For high strength Mix J the 2-in. (50.8 mm) cubes yielded
a calculated ultimate bond stress 2.3 and 3.7% higher
from Eqs. 5 and 9, respectively, than those values
predicted wusing 3-in. (76 mm) cubes, with a range of
-0.6% to 7.6%.

The API mean ultimate bond strength formulation given by
Eq. 9 1is more conservative in all cases. The Wimpey
Laboratories mean formulation given by Eq. 5 yieldé
solutions that are in better agreement with the measured
values, although the solutions may mnot always be
conservative.

Allowable, f,, from both UK Eq. 8 and API Eq. 10 yielded
factors of safety greater than the recommended value of 6
for both the normal and high strength grout mixes.

However, API Eq. 10 showed a significant difference of
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34% between the mean factor of safety for the two mixes,
whereas UK Eq. 8 gave similar mean factors of safety for

the two mixes.

4.4 Grout Cube Size Effects

As mentioned previously, there are a number of different size
test cubes usedvin the determination of the unconfined compressive
strength of grout. Investigators [21,33,34] have shown that the
recorded strength from a cube test is a function of size, age and mix
design.

A comparison of results listed in Tables 3.9 and 3.10 for the
unconfined compressive strength obtained using 2-in. (50.8 mm) and
3-in. (76 mm) grout cubes, showed the following trends.

The most significant strength differences existed in the early
stages for the normal strength Mix I. However, as the strength curve
flattened out the ratio tended to stablize with the 3-in. (76 mm)
cubes yielding an approximately 8 to 10% higher strength. On the day
of testing the unconfined compressive strength of the 3-in. (76 mm)
cubes had a 12% higher mean strength, a standard deviation of 0.107
and a coefficient of variation of 9.6% with respect to the 2- in.
(50.8 mm) cubes.

The ratio for high strength grout Mix J tended to stabilize

with the 3-in. (76 mm) cubes yielding an unconfined compressive
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strength approximately 20% lower than that of the 2-in. (50.8 mm)
cubes, On the day of testing, Specimens UTAll and UTA1l2, the
unconfined compressive strength of the 3-in. (76 mm) cubes had a 9%
lower mean strength, a standard deviation of 0.042 and a coefficient
of variation of 4.7% with respect to the 2-in. (50.8 mm) cubes.

Table 4.3 1lists the mean, standard deviation and coefficient
of variation of the unconfined compressive strength for all batches of
2-in. (50.8 mm) and 3-in. (76 mm) cubes. The limited results show
the coefficient of variation was greater for the 2-in. (50.8 mm)
cubes in all cases, except for Mix J at 28 days where the 3-in. (76
mm) cubes had a higher coefficient of variation. The coefficient of
variation obtained from these limited sample sizes are comparable
with the results obtained by Wimpey Labs [33] using larger sample
populations. The Wimpey investigation indicated an average
coefficient of variation of 19.5%, with a range of 8.3% to 30.0% on a
sample population of 1712 3-in. (76 mm) cubes.

The results of The University of Texas cube tests indicate
that the coefficient of variation within a given cube size population
is comparable with the coefficient of variation between the 2-in.
(50.8 mm) and 3-in. (76 mm) cubes. Also, the percent difference
between the unconfined compressive strength determined with respect to
the 2-in. (50.8 mm) and 3-in. (76 mm) cubes is comparable with the

scatter of the ultimate grouted comnection strength obtained from
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TABLE 4.3 Summary of Cube Unconfined Compressive Strength Scatter

7 day 28 day

Mix I 2-in. 3-in. 2-in. 3-in.
No cubes 21 9 21 9
Mean £  (psi) 3800 4428 5152 5818
S5.D. (psi) 763 736 628 385
% C.V.+ 20.1 16.6 12.2 6.6
Mix J

No. cubes 6 6 6 6
Mean 8646 7032 10988 9931
S.D. (psi) 790 607 605 1166
% C.V. 9.1 8.6 5.5 11.7

tests results. For the specimens tested and grout mixes used in this
test program the selection of cube size used for the calculation of
grouted connection strength had no significant effect. Furthermore,
the test results shown in Tables 3.3 through 3.8 indicated that JT:;
better fit the data than f ,» which would further reduce the
significance of the cube size effect. Until further testing has been
done on cube size effects these statements must be qualified by the
fact that the unconfined compressive strength results are dependent
upon age, and specific mix design and no single factor has been
established relating the strength determined from different cube

sizes.
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4.5 Comparison of Injected Grout Column Cubes with ASTM G109
Cubes

Tables 4.4 and 4.5 give the mean, standard deviation and
coefficient of wvariation at 7 and 28-days for Mix I column pours with
respect to the mean of each pour. The locations indicated in the
tables correlate with those shown in Figs. 2.21 and 2.22,
respectively.

The histogram shown in Fig. 3.22 along with Tables 4.4 and
4.5 indicate the following trends with respect to injected grout cubes
vs standard ASTM C109 grout cubes.

- As the height of the grout column increased from 3 ft

(914.4 mm) to 6 ft (1828.8 mm), the variation of the
unconfined compressive strength through the column
height also increased.

- The standard deviation and coefficient of variation of
injected grout cubes increased with increasing grout
column height,

- The unconfined compressive strengths of the injected
grout column cubes were less than those of the ASTM C109
cubes for all locations except the bottom cube sets of
the 6-ft (1828.8 mm) columns. These cubes showed a 10%
to 30% increase in unconfined compressive strength over

that obtained from the ASTM C109 cubes. This increased
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TABLE 4.4 Summary of 7-Day Column Cube Results using Mix T

Nominal 3-ft Column Nominal 6-ft Column

Top Center Bottom Top Center Bottom
Mean 0.82 0.90 0.87 0.68 0.97 1.27
S.D. 0.072 0.010 0.066 0.090 0.278 0.221

% C.V. 8.8 11.1 7.6 13.2 28.6 17.3

TABLE 4.5 Summary of 28-Day Column Cube Results Using Mix I

Nominal 3-ft Column Nominal 6-ft Column

Top Center Bottom Top Center Bottom
Mean 0.77 0.91 0.88 0.53 0.90 1.10
S.D. 12.1 0.211 0.141 0.173 0.189 0.309

% C.V. 15.9 23.1 16.0 32.6 21.2 28.1
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;strength at the lower end of the grout column is
consistent with the behavior seen in normal concrete
columns where core samples wusually indicate stronger
concrete at the bottom of the column because of increased
density.

- The coefficient of variation of the means of the injected
»grout column cubes is similar to that obtained for ASTM

grout cubes listed in Table 4.3.

4.6 Orientation of Crack Patterns in Tested Specimens

Figure 4.3 shows a profile schematic of the crack pattern
observed for axial specimen UTA2, as shown in Fig. 3.4. The cracks
shown in the figure are those that were observed at final
displacement and not at the ultimate load. The grout strength of
UTA2 was f_, = 3970 psi. The schematic indicates that cracks formed

u

at the shear key locations on the pile or sleeve and ran across the
l-in. grout annulus at approximately a 60° angle from the horitzontal.
The range of measured angles was from 27° to 68° with an average

inclination of 50°. Both Figs. 4.2 and 3.4 show that a series of
grout compression struts developed between the shear keys which
enabled the sleeve to transfer the load into the pile orvice versa.

The grout which had formed the compression struts was completely
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crushed at final displacement whereas the grout between the struts
showed almost no” noticeable damage.

Figure 4.4 shows a profile schematic of UTA5's crack pattern
at ultimate load, shown in Fig. 3.10, where the ultimate load is
defined as that load at which three successive load increments caused
less than a 1% increase in load. For this specimen of Series 3 the
shear keys were placed directly across from each other as described
in Section 2.1.1. UTAS had a grout strength of £, = 5780 psi. The
cracks initiated at the shear key locations on the pile and sleeve
and propagated across the grout annulus at an average inclination
from the horizontal of 35° with a range of 14° to 51°. It is
important to mote that the cracks did not run from shear keys on the
pile to those on the sleeve or vice versa, indicating that the
orientation of the cracks in a grouted connection is not controlled
by the relative location of the shear keys on the pile and sleeve.

Specimen UTA8 had eccentrically placed tubes as explained in
Section 2.1.1. Figure 4.5 and 4.6 show profile schematics of the
crack patterns for the 1/2" and 1-1/2" side of the annulus at
ultimate load, as defined previously. These patterns correspond to
those shown in Figs. 3.17 and 3.18. Figure 4.5 shows the crack

pattern for the 1/2" annulus. On this side of the annulus the cracks

had an average angle of inclination of 55° with a range of 45° to 60°.
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On the side with the 1-1/2" annulus, Fig. 4.6, the average angle of

inclination was 38° with a range from 19° to 53°. On this side,
however, there seemed to be both primary cracks and secondary cracks
which developed at a lower angle of inclination. When considering

only the primary cracks the average angle of inclination was
approximately 53°, while the secondary cracks had an average

inclination of about 20°. If the secondary cracks are ignored the
resulting crack profiles indicate that crack inclination is
independent of annulus width for the two widths examined here. The
results also further the trend which was observed between UTA?2 (£, =
3973 psi) and UTAS (f,, = 5780 psi), that the inclination of the crack
in the grout annulus is dependent wupon the grout strength with a
higher grout strength causing a lower inclination of crack.

Figure 4.7 shows the schematic of the crack profile shown in
Fig. 3.21 for specimen UTAl2, with a 1" grout annulus. Again this
crack profile is the crack pattern at ultimate load as defined
previously. UTA12 had a grout strength of f_, = 10680 psi. The
average crack inclination was 24 with a range of approximately 21 -
30, again indicating that there is a decrease 1in crack orientation
with increasing grout strength. All cracks initiated at the shear
key locations and propagated across the annulus independent of the

shear key location on the other tube.
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O0f the specimens which were examined mno two were exactly
alike in all respects except for grout strength. Consequently, no
final conclusion will be drawn with reguard to the relationship
between crack orientation and grout strength.

Based on the above discussion the following conclusions may be
drawn about crack patterns in grouted connections.

- The cracks at the shear key locations formed grout
compression struts which acted as a mechanism to transfer
load between the steel tubes.

- Inclination of annulus cracks is independent of relative
shear key location between the sleeve and pile.

- Angle of cracking in the grout is independent of grout
annulus thickness for the range of thicknesses examined

in this investigation.



CHAPTER 5

PREDICTING ULTIMATE AXIAL STRENGTH OF GROUTED CONNECTIONS

5.1 General

The development of an analytical model to predict the ultimate
strength of a grouted connection is a substantial task. The
analytical model must account for the many factors which affect
connection strength, e.g. the elastic and inelastic deformations of
the grout which is subjected to triaxial states of stress, the load
transfer mechanism and connection geometry. Indeed, grouted
connection failure is a complex phenomenon and the tendency towards
empirical models rather than theoretical solutions is understandable.

Empirical models <can accurately predict the ultimate
strength, if a large valid data base exists and the parameters used
to describe the behavior are selected judiciously. The parameters
affecting grouted connection strength and two recent empirically
determined strength equations were discussed in Chapter 1. Empirical
equations such as these could become obsolete as the data base
changes. Analytical solutions are not a function of any data base
and therefore indicate theoretically which parameters are significant
to behavior. Experimental data, however, must support a theoretical
solution for it to be wvalid. The purpose of this chapter is to
isolate the principal components of the wultimate static axial

strength of grouted connections through the use of a simple analytical
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model. Once the proper constitutive equations governing the groutéd
connection behavior have been determined or developed, more refined
models using techinques such as the finite element method can be
justified. The experimental data from the investigation described in
the preceding chapters along with other investigators’ data are used
to determine the validity of the proposed analytical model. Finally,
suggestions are given for further research that would aid in

understanding grouted connection behavior.

5.2 The Failure Mechanism

The axial load transfer mechanism of a grouted connection can
be considered as the sum of two basic components. These components
are:

- Coulomb friction: when 7 < po,, where 71 is the shear

stress which develops at the grout-steel interface, o,
the normal compressive stress which develops due to the
confinement of the grout by the steel tubes and u the
coefficient of frictionm.

- Grout  compression struts: grout compression struts
develop at the shear key locations and transfer load

from the sleeve (pile) to the pile (sleeve). As

discussed in Section 4.6, the size and inclination of
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these grout struts is a function of shear key spacing, s
and grout strength, f_ .

Adhesive bond could be included, however, the adhesive bond
which develops at the steel-grout interface can be considered
insignificant in comparison with the other two components and once
exceeded plays no further role in the strength of the connection,
therefore it will be neglected.

Development of the load transfer mechanism begins after
adhesion at the grout-steel interfaces is exceeded.. At the top end of
the comnection the sleeve is carrying the entire load. Cracks
initiate at the lower side of the shear key on the sleeve and extend
across the annulus until they reach the pile surface. At the lower
end of the connection a similar process occurs; however, here the
cracks initiate at the top side of the shear-keys on the pile and
extend across the grout annulus to the sleeve surface, see Fig. 5.la.
As discussed in Section 4.6 the angle of inclination of these cracks
is a function of the grout strength,gfm“ and is not a function of
the relative spacing between the pile and sleeve shear keys. The
initial development of cracks and the breakdown in the adhesive bond
corresponds to initial slip on the load-deflection plots shown in
Appendix E.

In the next stage of development of the load-carrying

mechanism, cracks develop at other shear key locations along the
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length of the connection creating compression struts in the grout
which transfer a major portion of the load between the steel tubes. As
the load increases, grout: at the ends of the struts begins to crush
and form wedges at shear key locations where stresses are highest, see
Fig. 5.1b. The Coulomb friction component increases as normal forces
at the boundary increase due to the increase in axial stress in the
grout and development of a wedging action from the grout compression
struts. Wedges of grout continue to form at shear key locations
throughout the length of the connection as load increases. Once these
wedges have developed throughout the length of the connection, as
shown in Fig. 5.1lc, the tubes begin to slip significantly relative to
each other and the ultimate strength of the connection has been
obtained.

Grouted connection strength is governed by crushing of the
grout at the tips of the compression struts and not by failure of the
strut itself. Connection capacity is directly related to the state of
triaxial stress in the grout. Based on this failure mechanism and
results from other investigations, an aﬁalytical model should include
the following main parameters:

- Radial connection stiffness

- Grout strength and stress state

- Shear key height

- Shear key spacing
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The data which is presently available does not include all the
required material and geometric properties for a given set of tests to
predict ultimate strength. Consequently, a qualitative examination of
each of the parameters will be used to establish reasonable bounds of
their effects on the ultimate strength of a grouted connection.

5.3 Qualitative Effects of Parameters Affecting Grouted
Connection Strength

5.3.1 Radial Connection Stiffness. The steel tube geometry

of a grouted comnection is important since it determines the amount of
lateral confinement in the grout. Many experimental investigations
have shown that the compressive strength of a cementitious material
increases with increasing confinement.

In an actual grouted connection, the pile thickness is
usually significantly greater than the sleeve thickness as discussed
in Chapter 1. Consequently, the radial stiffness of the sleeve is the
most important  component in determining the amount of lateral
confinement in the grout.

For the load application method used by Wimpey Labs [10], with
the pile in tension and the sleeve in compression, Chivlers [27]
assumed that, due to Poisson's effect, there 1is a decrease in
confinement of the grout, thus causing a decrease in connection
strength. The series A tests described in Section 1.4.2.1, however,

do not substantiate this assumption and, in fact, indicate that
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Poisson’s effect is minimal, with the results of the different load
applications being well within the expected scatter of the data. The
method of load application used in experimental investigations 1is to
apply the load directly to the ends of the specimen whereas in an
actual grouted comnection the load 1is transferred over a finite
distance wvia shear plates or structural brace(s), which further
reduces Poisson’s effect. In the development of the analytical
model, Poisson’s effect will be considered as a secondary effect
which can be neglected without significantly affecting the results.
Thus the level of confinement of the grout along the length of a
grouted connection may be  considered constant.

Figure 5.2 illustrates the effect of radial connection
stiffness on the ultimate strength of a grouted connection. The data
represent the results of 24 tests (Series P and R) performed at
Wimpey Labs [34] in which all parameters were kept constant except
for the tube wall thickness. The abscissa represents the connection
stiffness, K, as defined in Eq.4 of Section 1.3.1. The ordinate

represents the ultimate bond stress, f,, normalized with respect to

f,,- Engineers at Wimpey assumed that for the range of data

investigated there was a linear increase in grouted connection
strength with an increase in radial connection stifffness. Figure

5.2 indicates that, for the range of radial stiffnesses investigated,
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EFFECT OF RADIAL TUBE STIFFNESS
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Effect of radial connection stiffness on ultimate bond
strength for Wimpey Labs series P and R
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doubling the radial stiffness approximately doubles the ultimate
grouted comnection strength.

An infinitely stiff tube represents an upper bound in which
the highest stresses would develop in the grout. It may be assumed
that the steel tubes need be considered only infinitely stiff relative
to the grout which becomes less stiff as the load approaches ultimate.
The level of radial stiffness required for a tube to be considered
infinitely stiff is a f