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ABSTRACT 

Existing experimental results are studied to determine the factors 
(including those not previously identified) affecting the strength of 
grouted connections. The current bond strength formula is evaluated and 
its limitations noted. Previous analytical work is examined and strengths 
and weaknesses investigated. 

A nonlinear finite element analysis is developed using a friction- 
gap element to model the steel/grout bond. This includes a dilation 
effect when slip occurs and successfully simulates the behaviour of plain 
pipe connections up to ultimate load. 

An elastic-plastic, work-hardening, cracking and crushing constitutive 
model is developed to represent the behaviour of grout material. This is 
used for a detailed finite element analysis of the load-slip behaviour of 
individual shear keys of various shapes. 

The friction-gap element is adapted to give a representation of the 
shear keys using data derived from the detailed shear key analysis. A 
confinement factor is used to give higher ultimate shear key loads when 
the bond opening is small. This accounts for the observed fact that 
higher key loads are achieved with increased sleeve and pile dimensions 
due to greater confinement of the grout. 

Load-slip behaviour and strains up to ultimate load for shear keyed 
connections are successfully simulated using the friction-gap element. 
Bond stress distributions show that high normal bond stress concentrations 
are necessary to balance the bending moments in the grout annulus. Various 
extreme geometries are analysed and their failure modes determined. The 
effects of connection length, stiffeners, alternative loading arrangements, 
scale and shear key geometry are also fully investigated. 

Results are used to produce a new bond strength formula which takes 
into account most factors affecting bond strength and is stle to give 
good results over the full rang of geometries. 

Experimental tests have been conducted to determine the coefficient 
of friction between shot-blasted steel and grout for use in the numerical 
analyses. 
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I{EY TO SYMBOLS 

a, a Material constant for grout, see eqn. (6.11) 

Material constant for grout, see eqn. (6.12), 

or shear key load ratio. 
7, ö Stiffness parameter, see eqn. (8.12a), or displacement 

measurement in the bond tests. 

7, 
ßt Octahedral shear strain. 

sLL Slip 
sue, Mean slip 
ss1, Radial shrinkage on the sleeve bond 

Mean radial bond opening parameter 
8,1 Sv Mean radial sleeve and pile bond openings respectively 

6'6z'Ee Strain, Axial strain and Hoop strain respectively 

-Oct Octahedral normal strain 
TO Mean hoop strain 
de;; Increment of strain - 
dE`j Increment of elastic strain 
dens Increment of plastic strain 

77 Factor for restoring stability to the iterative process 

when divergence occurs. 

B Stiffness parameter, see egn. (8.12b), or orientation of 
the bond element to the Z-axis, or crack angle in the 

grout. 
Ký Statistical constant, see egn. (2.11) 

dX Elasto-plastic parameter, see eqn. (6.21) 

Coefficient of friction between steel (shot-blasted) 

and grout. 
V Poisson's Ratio 

'Te Effective stress for grout material = if 

TL i=1 to 3, Principal stresses 
6'. Normal bond stress 
Y. Mean normal bond stress 
Or--o Normal bond stress due to dilation u. 
6e Circumferential (or hoop) stress 
TO Mean hoop stress 
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{6 (r)} Bond stresses at position r in the friction-gap element 

6ae octahedral normal stress 

Trej Mean stress on a shear key in the axial direction 

6m Constant, defining shear key strength, see egn. (8.3a) 

ö" Stress or standard deviation 

6z mean axial stress 
6$K Normal bond stress generated by shear keys 

T Shear bond stress or grout yield criterion, see egn. (6.10) 

Toct Octahedral shear stress 

TSK Maximum bond stress due to shear keys 

T., T. Constants describing the grout material, see egns. 
(6.7) and (6.9) 

OKL;; Elasto-plastic parameters, see eqn. (6.22) 

Constant, see Appendix A 

to ºº it to 

A, B, C, D, E, F, G, a, b, c, C' Various constants 

A Bond surface area for one element 

As Total plan area of the shear keys 

Ap Total grouted surface area of the pile 

Astj%q Total cross-sectional area of the stiffeners 

A� A. Constants describing the grout material, see eqns. (6.6) 

and (6.8) 

[B] Matrix relating strains or relative displacements to 

the displacements. 

c Cosa 

C'. l/d, parameter 

C31 Factor to adjust bond strength to the 31-day strength 

Cs Surface roughness parameter 

c Adhesion on the steel/grout bond (N/mm? ') 

CONF Confinement factor = u. /on 

[D] Matrix giving stresses in terms of relative 

displacements or strains. 

d, D Outside diameter 

E Young's Modulus 
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A. Ultimate bond strength 
fºýý Characteristic bond strength 
fý. Mean ultimate bond strength 
f.,, t f' Uniaxial ultimate compressive strength of a 76mm cube 
f. Uniaxial compressive yield stress 
f;, f, Tensile ultimate and yield stresses respectively 
fk 9 fk Ultimate and yield stresses respectively under 

biaxial compression. 
f, f( Grout material failure surface, see egn. (6.10) 

Fe Normalised bond stress 

Pau Normalised ultimate bond strength 
Fso,., Normalised ultimate bond strength for grout 

cured for M days. 

Fe�C Characteristic normalised ultimate bond strength 
F Uniformly distributed radial force per unit length 

in the axial direction. 
{F`} Vector of nodal äpplied loads 

FACT, Factors for reducing k,,, kt when the bond slips 
FA C2 or opens respectively. 

GA scalar function to define plastic grout strains, 

see eqn. (6.14) 

H Work-hardening rate for the grout, see eqn. (6.23) 

He See egn. (6.24) 

h Shear key height (or upstand) 

h.;; Effective shear key height 

IPEL Grout material status (elastic, plastic, cracked 

or crushed) 

I� I` First invariants of stress and strain respectively 

J� J1 Second invariants of deviatoric stress and strain 
K, K', K", K''' etc. Constants 

K Stiffness Factor, see egn. (2.3) 

K, Stiffness Factor adjusted to allow for 

longitudinal stiffeners 

k� Normal bond stiffness factor (N/mm3) 

k* Tangential bond stiffness factor (N/mm; ) 

1111 Tangential stiffness matrix 

ksc Tarbential shear key stiffness (N/: nm3 ) 
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1. t Grouted length, or length of one bond element 

n Constant defining rate of increase of ua, see egn. (5.36) 

&n Relative bond opening 
N Load increment count 
Nt Shape functions (i=1 to 3 for quadratic shape functions) 

TJMCR Code for crack status 

p Pressure 

Pz Force in Y-direction on node i 

LP Axial load increment 

P Axial load applied to the grouted connection, or 

vertical load used in the bond tests. 

Q Internal nodal forces 

R Cylinder radius, or the ratio used to find the grout 

stresses to reach the failure surface, f. 

Ras Out-of-balance, (or residual) loads. 

r Local coordinate for friction-gap element, or cylinder 

radius. 
[RI Transformation matrix used to rotate the cracked grout 

[D] matrix into the global orientation. 
Ri Nodal force perpendicular to r on node i for a friction - 

gap element. 
Sz Nodal force parallel to r on node i for a friction-gap 

element. 
S Sin0 

s Shear key spacing 
SF Ostroot's stiffness factor, see egn. (3.10) 

T Horizontal shear load in the bond tests 

t Cylinder thickness 

At Relative bond slip 

U. Displacement 

Liu Displacement increment 

ul Displacement of node i in the Y-direction. 

ua, Surface roughness bond dilation. 

Um Maximum bond dilation. 

-{Clue} Vector of nodal relative displacements on a bond element. 
fue} Vector of nodal displacements for a bond element. 
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fu(r)l Nodal displacements at position r in a bond element. 
(ou(r)j Relative nodal displacements at position r in a bond 

element. 
tue) Virtual displacement vector. 

V Axial shear key force per unit circumference (N/mm) 

VPI Radial shear key force per unit circumference (N/mm) 

vý Displacement of node i in the Z-direction. 

V. Force on node i in the Z-direction. 

Yz Coordinates of node i in the global. Yp Z axes. 
z 

Subscripts 

X5 Sleeve or Steel 

XF Pile or Principal direction 

x9 Grout 

Xt Tangential, or time t 
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CHAPTER 1 

INTRODUCTION 

1.1 The use of Grouted Connections in the Construction of Steel 

Offshore Platforms k 

In recent years demand for oil has led to the development of offshore 

oilfields in ever increasing water depths. Many technical problems have 

had to be overcome in order to achieve this, and one of these involves the 

structural use of grouted connections. A popular form of construction for 

fixed offshore platforms is the piled steel jacket. Steel tubular piles 

are driven (or placed into predrilled holes) through the legs of the 

structure or through tubular sleeves attached to the lower part of the 

structure. The annulus between the pile and jacket leg or sleeve is then 

filled with cement grout. 

In shallow water conditions it is normal for a single pile to be 

placed through each leg of the structure. The pile often extends to the 

top of the leg so that the deck structure can be welded directly to it. 

The jacket resists the effects of wave loading, stabilizes the piles and 

stiffens the complete structure. The grout transmits lateral forces 

between the piles and jacket and protects against corrosion, but is not 

normally required to transmit vertical loads from the deck superstructure 

to the piles. Bond stresses at the steel/grout interfaces are low and 

debonding is unlikely to cause any problems. 

For more recent developments in the deeper waters of the North Sea, 

the piles do not extend to the surface and are either grouped in clusters 

around the main legs of the structure, as shown in Figure 1.1, or in some 

cases are evenly distributed around the base of the structure. 

1 
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The grouting forms the only structural connection between the jacket and 

its foundations. The grout must, therefore, transmit all the forces 

arising from the dead weight of the jacket, deck and superstructure, and 

from the environmental loading. In addition, as the capacity of offshore 

construction plant for handling and driving piles has increased, ºa trend 

towards foundations consisting of smaller numbers of larger diameter, 

less radially stiff connections has made it necessary to investigate the 

factors affecting the strength of grouted connections. 

The results of tests on large diameter plain pipe connections showed 

inadequate strength for northern North Sea conditions and as a result 

mechanical shear keys were introduced. These consist of weld beads or 

welded bars, forming rings around the circumference of the inner surface 

of the sleeve and outer surface of the pile, which key into the grout and 

greatly increase the bond strength. 

The dimensions of grouted connections can be very great, for example: 

2 metres diameter by 40 metres long. The shear connectors are typically 

around 10 mm high and spaced 300 mm. apart. The axial design load may be 

as much as 6000 tonnes, and with a safety factor of six, the actual 

capacity may be much larger still. 

Grouted connections can also be used for nodal and tubular 

strengthening and for applying additional bracing to jacket structures 

without the need for underwater welding. Grouting has an additional 

advantage here in being able to accommodate geometrical imperfections 

between the new and existing structural components. 

/ 
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1.2 Previous Experimental Test Programmes 

Programmes of experimental work have been carried out at Wimpey 

Laboratories to verify the designs of grouted connections for a number of 

North Sea platforms. These include work for B. P., Burmah Oil, Chevron 

Petroleum, Union Oil, Lafarge and others (1,2,3,4,5,6,7). These tests 

were useful in establishing the parameters which affect the bond strength 

and provide a great deal of experimental data on the static, axially loaded 

situation. The results did not cover all aspects of the problem, however, 

and could not enable rationally based design recommendations to be 

formulated covering the likely range of practical parameters. A detailed 

programme of research, (funded by the Department of Energy (8)) was there- 

fore formulated and carried out at Wimpey Laboratories. This included many 

static tests covering a wide range of geometries. Also included were tests 

to study the effect of long term cyclic loading (fatigue) and short term 

cyclic loading (relative movements of tubulars during grouting and curing). 

Tests on construction and durability of a section of grouted leg recovered 

from B. P. 's West Sole field have also been carried out. The results of 

these recovery tests are very favourable. A similar testing programme, but 

on a smaller scale, has been carried out in Norway by DnV (9). 

More recently the range of tubular geometries used has expanded with 

the advent of grouted connections used to repair and strengthen jacket 

structures. This has resulted in further research programmes at TWimpey 

Laboratories to investigate extreme geometries, and split-sleeves which can 

be assembled around an existing pile or brace (10). 

Further tests on connections with extreme geometries, and various types 

of shear key are being carried out at The City University, London. These 

tests, which are extensively strain-gauged, should enable comparisons to be 
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made with theoretical methods of analysis such as those developed later 

in this thesis. 

1.3 Bond Strength Formulae 

Design formulae, which can predict the strength of a grouted 

connection, have resulted from work funded by the Department of Energy. 

These are based only on the experimental results available and do not 

include any theoretical reasoning. Although useful for most design 

purposes, the latest formulae are proving less accurate for the extreme 

geometries needed in grouted repair work. Also, effects such as the 

length of connection, scale, surface roughness and sleeve stiffeners 

are not necessarily represented very well. For these reasons, it would 

be useful to develop a theoretical analysis of the behaviour of grouted 

connections which can be used to produce a more rational strength formula. 

1.4 The Scope of this Research Project 

The following chapters develop a finite element analysis to simulate 

the performance of an axially loaded grouted connection up its ultimate 

capacity. In order to reproduce the experimentally observed behaviour, 

special properties have to be introduced into the steel/grout bond 

elements. These properties are then used to develop a new bond strength 

formula which can account for all the factors known to affect this 

strength. Thus, the bond strengths of connections with more extreme 

geometries can be predicted with confidence. 

Experimental testing of the steel/grout bond is used to verify the 

friction properties used in the analysis. 
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A detailed non-linear finite element analysis around the shear 

keys is also made, which enables the effects of shear key shape, size 

and spacing to be investigated. 

iL 

/ 
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CHAPTER 2 

APPRAISAL OF EXPERIMENTAL BOND STRENGTH FORMULAE 

2.1 Early Design Guidance 

The findings from work carried out at Wimpey Laboratories led to a 

number of improvements in the design formulae for grouted connections, 

Billington, Lewis and Tebbett (11,12). Previously, the only guidance 

available on design was from the American Petroleum Institute (13). 

This gives a limiting design bond stress of 0.183 N/mm2 for use in the 

absence of design data, where the bond stress is defined to be the total 

axial load on the grouted connection divided by the total surface area of 

the pile/grout interface. 

The factor of safety inherent in this design value is not stated, but 

a factor of six is widely considered to be reasonable. A study of partial 

safety factors (12), to allow for variations in material properties, 

loading and the uncertain nature of offshore construction conditions 

demonstrates the validity of this safety factor. 

This would imply an ultimate bond strength of 1.105 N/mmL , 
(as this 

is six times the API design strength). Test results for plain pipe 

connections show that bond strengths fall below this value on larger 

diameter connections with a grout cube strength of 50 N/mm2. Some 

connections even give a factor of safety of less than 1.5 compared with 

the recommended value of six. The API recommendations do not allow for 

the effects of grout strength or radial stiffness of the connection and 

this would contribute to lower factors of safety. These API recommend- 

ations had been based on data derived from tests on small diameter 
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radially stiff plain connections. 

2.2 Effect of Surface Roughness 

Various grout mixes were used in order to enhance the strength of 

plain pipe connections. Portland cement, expansive portland cement, epoxy 

resin and high alumina cement have been used as the basis for the grout 

material. Also, various surface treatments, such as shot-blasted, epoxy 

coated, epoxy with sand coating, new steel with mill varnish removed, and 

rusted steel have been used to improve bond (1). As a result of these 

tests, it was found that smoother surfaces gave lower bond strengths. The 

effect of the epoxy coating on the pile was to reduce the bond strength by 

80%. Similar results were obtained when the surface roughness was reduced 

by grinding the steel surface, clearly demonstrating that the bond must be 

frictional rather than chemical. adhesion. 

2.3 Influence of Grout Cube Strength 

It was also found that irrespective of grout type, the bond strength, 

fbµ, can be expressed as: 

fbk= A f., ý2.1) 

where f, �, is the grout cube strength, and A is a constant dependent upon 

surface roughness and geometry. Figure 2.1 shows the effects of grout 

cube strength and surface roughness on bond strength. 

Long term weakening due to grout shrinkage was also shown to be 

significant. A 31-day specimen was 42% weaker than a similar 3-day 

specimen, even though the former's cube strength was 61iß greater. 
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2.4 Significance of Radial Stiffness 

The results of tests in which the connection geometry was varied 

showed the radial stiffness to be another important factor. According to 

Billington and Lewis (11), the radial stiffness of the pile or sleeve 

which may be expressed in terms of a uniformly distributed radial force, F, 

and radial deflection, u, is proportional to Young's Modulas, E, and the 

ratio of tubular thickness to diameter (t/d). 

i. e. F/u = E. (t/d) (2.2) 

If the radial stiffness of the complete connection is considered, various " 

stiffness factors proportional to the radial stiffness of pile, sleeve and 

grout cylinders can be derived. This led to the creation of a stiffness 

factor, K, given by: - 

K= ES (t/d)9+ [(d/t)S 
+ (d/t)P] (2.3) 

where subscripts g, s and p refer to grout, sleeve and pile respectively. 

It was found that a plot of g against ultimate bond stress, normalised 

with respect to a grout compressive strength of 50 N/mm2 using the 

parabolic relationship of equation (2.1), gave a possible straight line, 

as shown in Figure 2.2. 

i. e. f6, = B. K. f.. (2.4) 

where B is a constant dependent on surface roughness, t/dp, and h/s for 

the case when shear keys are used. There is a substantial amount of 

scatter in these results and a curve is suggested in Figure 2.2 which is 

a better fit to the data. A curve seems to be more rational than the 

straight line as there must be an upper limit on the bond strength 

however large K may be. 
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The relationship between fb, and F can be considered in simple 

terms as follows. Equation (2.5) shows how these two quantities are 

related, where F/d = 6',,, the normal bond stress, and fd aC, due to 

friction. 

Therefore: fbu a F/d (2.5) 

Substituting equation (2.5) into equation (2.2) gives: - 

fb,, oc E. (t/d''). u (2.6) 

-Another formula where (t/d) is the main stiffness parameter is 

developed in Chapter 8. 

2.5 Effect of t/d on Bond Strength 

A variety of tests have been carried out to investigate the effect of 

varying t/dp (1,4,8). Most tests use an , (/dr of 1 or 2 whereas a full- 

scale connection may have an t/dF of up to 20. There is a gradual 

weakening of bond strength with increase of length, and this can be 

expected as the longer connection carries a higher load, and so is more 

highly stressed at the loaded end. For low $/dp there is also a 

weakening effect, which can be attributed to the influences of end 

restraints. The value of Q/dp for which maximum bond strength occurs 

seems to vary with geometry. This makes sense, because for stiffer 

connections, end restraints will obviously have less effect. Figure 2.3 

shows two sets of results, both with shear keys. The A-series has an 

abnormally thick sleeve and pile to prevent buckling, and so the end 

effects only influence C/dr < 2. The more typical 0-series has thinner 

tubulars and is stiffened by longitudinal stiffeners, which do not affect 

the hoop stiffness. Hence the effects of end restraints now extend to 

L/dp=3.5. 
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2.6 Effect of Shear Keys 

Tests were carried out on connections with shear keys and these 

showed that the parabolic relationship between bond strength and grout 

compressive strength is applicable. Also, the strength appeared to obey 

the following formula: - bý 

fb,, = C. K. (h/s) 
. fcN (2.7) 

where h and s are the shear key height and spacing respectively (see 

Figure 1.1), and C is a constant dependent on f/d. Effects of surface 

roughness or grout shrinkage do not appear to be significant when 

shear keys are used and ultimate bond strengths are substantially 

greater than for plain pipe connections. 

Later tests included four pairs of specimens with differing h, 

including h=0 (i. e. plain pipes), but with other geometric ratios 

kept constant. The results demonstrated two important facts: 

(a) A linear relationship is seen to exist between FB� and h/dr. 

(b) The line intercepts the Fg� axis at the plain pipe strength. 

This indicates that contributions to the bond strength from plain 

pipe bond (i. e. frictional), and from the weld bead shear connectors 

are additive. 

Three pairs of specimens with different dr/s values, but with 

other geometric parameters held constant, were also tested. The Ldp 

ratio used for these tests was set at 1.0 in order to allow testing 

of connections with closely spaced shear connectors within the load 

capacities of the steel tubulars. As the (/dF ratio was 2.0 for the 

h/dp tests, a direct comparison with the dr/s results was not possible, 

but a linear relationship between Fßu and dr/s was indicated. 
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2.7 Interim Design Code 

Since the presence of shear keys greatly enhances the bond strength, 

the Department of Energy revised its Guidance Notes (14). These notes 

recommended the use of shear keys and provided a conservative design 

approach which, in the absence of test data to justify higher va. ues, 

gave the ultimate bond strength as follows: - 

ASf. u f'bu= 
A 

(2.8) 

where A5 is the total plan area of the shear keys within the grouted 

length, Ap is the total surface area of the pile within the grouted 

length, and feu is the grout cube strength. The diameter/thickness 

ratios of the sleeve and pile had to be not greater than 120 and 30 

respectively, and the shear key pitch, s, not less than 300 mm. These 

restrictions reflected the extent of available test data at that time. 

2.8 Non-Dimensional Bond Strength Parameter 

Having established a parabolic relationship between bond strength 

and grout compressive strength, both with and without shear connectors, 

Wimpey Laboratories decided to normalise test results to a common grout 

strength in order to be able to investigate the effects of other 

parameters. A non-dimensional ultimate bond strength parameter, Fßv, 

may be defined as follows: - 

fw4 
FB"- 

1.105 j fO 
(2.9) 

where fb, and f,,, are measured in N/mm'', and 1.105 N/mmt is six times 

the APIRP2A recommended design bond stress for extreme conditions (15). 

Thus, Feu equals 1.0 when the bond strength equals the API ultimate bond 

strength with a safety factor of six if the grout cube strength is 50N/mm'. 

Further test results are expressed in terms of F81, to eliminate the effect 
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of grout cube strength variations. 

2.9 Current Bond Strength Formula 

By combining the above results, the following formula was determined: - 

FB, = KC, (ACS+ Bg) (2.10) 

where A and B are constants to be determined from test results. CL is an 

t%df parameter, equal to 1.0 when k/dp= 2, and C. is the surface roughness 

parameter. By plotting FdKCL against b/s for all results, a straight 

line should be obtained, from which A and B can be determined. This was 

carried out by Wimpey Laboratories, plotting many results including those 

of plain pipes for which h/s = 0. Figure 2.4 shows a plot of the results. 

A least squares analysis for a mean linear relationship provided an 

intercept at h/s =0 of 76, and a gradient of 9468, taking CS = 1.0 for the 

test surface condition (shot-blasted). This equation gives a mean result, 

but leaves considerable scatter about the mean line, which must be 

accounted for in design. To do this, the concept of characteristic 

strength is used, which is defined to be the strength below which not more 

than 5% of the results of an infinite number of tests would fall. This can 

be calculated from: - 

fbKC " fbý K U" (2. ii) 
where fb is the characteristic strength, f,, is the mean ultimate bond 

strength, ß'is the standard deviation, and Kais a constant dependent on 

population size, see Baker (16). For the large population of results 

available (in excess of 400), 1'ý'= 1.645. Results indicate a characteristic 

strength which is 75% of the mean strength, both with and without shear 

connectors. Sot the characteristic ultimate bond strength parameter can be 

given by: - 
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Fsuc= KCB (57C$ t 7100 $) (2.12a) 

and the characteristic ultimate bond strength is given by: - 

f64G= KCL(9C5+ 1100 
s) 

fýk (2.12b) 

If plain pipes alone are considered, the standard deviation is 

larger, and the sample size smaller. The larger deviation is considered 

to be due to variability in surface roughness and effects of grout 

shrinkage. Age and curing arrangements for the grout may also be 

important. Allowance can be made by varying the parameter C5, and 

Table 2.1 gives suggested values. It would have been interesting to see 

how mich this correction factor reduced the standard deviation of the 

plain pipe results since the effects of shrinkage could still be a 

problem for the long term tests. 

Recommended values for thee/dp factor CL, based on what little 

experimental data is available, are given in Table 2.2. Model tests have 

only been conducted with {/d, < 12. The limitation is due to the require- 

ment of the higher loads associated with greater lengths. Since practical 

values may require l/d, = 25, extrapolation is necessary. The need to 

extrapolate emphasises the advantages of developing an analytical approach 

to the problem which can be extended over any extremes of strength and 

geometry. 

It is interesting to compare the design formulae for a given geometry 

in order to show the progress made towards more efficient design. Figure 

2.5 shows such a comparison and is based on the design for the B. P. Magnus 

Field (7). Full details of the latest design formula are published by 

CIRIA (17). 
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Surface Condition C5 

Connections with shear keys. 1.0 

Shot-blasted or 

lightly rusted. 0.8 
Plain 

With mill scale. 0.6 
pipes 

Painted or 

epoxy coated. 0.3 

TARE 2.1 VALUES FOR THE SURFACE CONDITION PARAMETER 

1%do > C, 

1 0.8 

2 1.0 

4 0.9 

8 0.8 

12 0.7 

20 0.6 

TARE 2.2 VALUES FOR ME LENGTH TO DIAMETER RATIO FACTOR 
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2.10 Method of Loading 

Specimens are generally loaded with the pile in tension and the sleeve 

in compression, Figure 2.6. Poisson effects resulting from this loading 

arrangement cause the pile to shrink and sleeve to expand, separating the 

sleeve and pile from the grout, thus giving a conservative loading 

condition. The real structure will be loaded with both pile and sleeve in 

compression (some tests have been made with this arrangement), or with pile 

and sleeve both in tension. Results indicate that differences in bond 

strength due to a change in loading arrangement can be quite substantial ins 

some cases. The tension-compression loading is however always the weakest, 

as would be expected. 

Another point is that in the laboratory tests, the loads are normally 

applied at the end of the connection, whereas in reality the load is 

transferred from leg to sleeve along the length of the sleeve by means of 

shear plates and diaphragms. A condition which must be less severe than 

end loading. An exception to this was the testing for the B. P. Magnus 

Field (7), where the structure from leg to sleeve was also modelled. 

Series-A tests were end-loaded and gave a strength of Fgu= 4.79, but 

Series-G tests were loaded via the leg structure and gave a strength of 

FB�= 7.18. This is a 50iß strength increase. The only differences between 

the tests, apart from the leg structure, being the addition of pile 

stiffening on series-G, and loading with pile and sleeve both in 

compression, while the pile in series-A was loaded in tension. Considering 

that the pile is much stiffer than the sleeve, these differences should not 

greatly affect the bond strength. The distributed transfer of load from 

leg to sleeve must therefore considerably enhance the bond strength. 
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These tests which included the leg structure were made specifically 

to investigate the effects of shear and bending loads on the connection. 

The results proved the connections to be well able to resist the combined 

axial, shear and bending loads, at a safety factor of greater than 4 

without failing (only a factor of 3 was required). It seems possible, 

therefore, that the substantial increase in axial load capacity resulting 

from the leg-sleeve load transfer system could be used to reduce the overall 

length of the connection. 

2.11 Longitudinal Stiffeners 

Longitudinal stiffeners are often welded onto the sleeve to prevent the 

sleeve buckling or yielding. These are necessary since the factor of safety 

for the steel components is generally less than for the grouted bond, 

reflecting the lower level of uncertainty with steel construction. The 

stiffeners reduce the level of stress in the sleeve without greatly 

affecting the hoop stiffness. In the bond strength formula, the value of 

(d/t)5 is reduced by subtracting the total thickness of stiffeners and 

welds from the sleeve circumference. This has the effect of slightly 

increasing K, to give Km , and provides a slightly higher bond strength 

prediction. Experimental results seem to confirm this effect, which can be 

expected, since the lower axial stress in the sleeve will also result in 

lower Poisson effects, even though the circumferential stiffness is 

unchanged. 

2.12 Effect of Curing Period 

The effect of cube strength variation has already been allowed for in 

F.., but age of grout is also important, producing an additional variation 
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as shown by Figure 2.7. From these results, the factors given in Table 

2.3 were produced to standardise Fg0 for 31-day grout. These factors are 

equally applicable with or without shear keys. 

Then: Pauli = Feu/C3t (2.13) 

No allowance for age is made in the current bond strength formula, 

and neither has there been any allowance for age effect made when comparing 

laboratory test results of different ages in the past. 

As different grout mixes perform differently, these age factors are 

only applicable for the standard Oilwell B cement mixed with seawater in 

the correct proportions, cured at Ef C, and kept moist. Any variation in 

these conditions will affect the rate of gain of strength, making the 

factor C31na longer correct. For example, if high alumina cement grout is 

used, and tested at an early date, F., will be low. This is because this 

mix has a rapid initial rate of gain of strength, but a lag in the 

development of stiffness. The type of grout mix for which the above 

factors apply is given in Table 2.4. 

The main reason for long term weakening may be shrinkage of the grout. 

However, the specimen may not actually get weaker, but FB1, reduces because 

f,, { continues to rise with time. If the grout is allowed to dry out, 

shrinkage will be much more significant, causing a large reduction in bond 

strength for plain-pipe connections. 

2.13 Scale Effects 

It is suggested in various reports of experimental data (11,4), that 

reduced scale models give the same bond strengths as full scale models. 

Quarter scale specimens have been tested with various grout types and at 

various ages. In these tests the length to pile diameter ratio (t/d? ) was 
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3 
Plain Pipe (B--Series) 

2 
Shear Keyed (PO, R-Series) 

--L Plain Pipe (24/N-Series) 
1 

y 
18-month strength -ý-i- 

a 
048 12 1 2b 24 28 3i 

Age (days) 

FIGURE 2.7 EFFECT OF GROUT AGE ON BOND STRENGTH. 
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Age of Grout 

ah, s) 

Cat 

31 1.00 

28 1.03 

22 1.04 
9 1.18 

7 1.22 

6 1.24 
3 1.29 

2 1.34 
1 1.46 

TABLE 2.3. FACTOR TO ADJUST ALL BOND STRENGTHS TO 

AN AGE OF 31-DAYS. 

Ingredient Quantity 

Oilwell'B'Cement 100 kg 

Seawater 35 litres 

Calcium Chloride 1 kg 

Cormix SP1G 1 kg 

TABLE 2.4. RECOMI DED GROUT MIX. 
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equal to two. The full scale specimens referred to in the reports were 

all of the same grout type (Oilwell B), but tested at various ages and 

with P/dp=1. A 20`/ reduction of bond strength was made to the t/d, = 2 

results to make them equivalent to the $/d? = 1 results. The amount of 

the reduction was obtained from the findings of previous work to determine 
ik 

the effects of t/d, (see Table 2.2). This resulted in a general agreement 

of the bond strengths for the two scales. However, the mean quarter scale 

result for Oiiwell B cement grout alone is Feu= 1.88. The full scale 

mean result is FBu = 1.30, which is a 31°ßo reduction on the -f/dp =2 result. 

Only this comparison, where grout types and curing conditions are identical, 

is reasonable. Other grouts, especially the Halliburton grout, give a 

lower F8 . 

If the results are adjusted to a 31-day result using the factors given 

in Table 2.3, then FsU31 = 1.50 for quarter scale, and Feu3i = 0.98 for full 

scale, which is 35% weaker than quarter scale. This difference cannot be 

explained by {/dp alone and it is suggested that scale effects exist. A 

further investigation of scale is made in Chapter 8. 

2.14 Failure Mechanism 

Figure 2.8 shows a typical plot of normalised bond stress against slip 

between sleeve and pile for a connection with shear keys. The gradient of 

the curve changes at Fsn: '0.4, whgn the friction bond breaks and the shear 

keys begin to take up load. Gradually, stresses build up around the shear 

connectors, tensile cracks occur in the grout, and the grout begins to 

crush around the shear connectors. Eventually, there is no further 

resistance to slip, but most tests show a large post-ultimate strength, 

even after substantial slips have occurred. 
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On unloading and reloading, there may or may not be a drop in ultimate 

load. Presumably, as the load is reapplied, there may be a chance for the 

stresses to alter the physical state of the bond, resulting in a post- 

ultimate capacity either increased or decreased, depending on the movement 

of fractured grout on the grout/steel interface. Additionally, if there is 

a degree of lack of roundness in the tubulars, this will give extra strength 

until the action of slip overcomes such geometric imperfections. 

Slip is generally greater on the pile/grout interface, since the bond 

area is smaller, and hence the stresses are larger. When weld beads are 

used for shear connectors, a void is left behind the bead, with some 

expansion of the annulus occurring to accommodate the crushed grout. 

Diagonal cracks have a tendency to propagate from the shear keys on the 

plane of maximum tensile stress which result from the high shear stresses. 

A typical failure is shown in Figure 2.9. The cracks are concentrated 

around the shear keys where the stress applied to the grout is predominately 

a large shear stress in the plane of the bond. The crack plane will be 

approximately 45°to the bond plane. The cracks always spread from the weld 

bead positions and are more numerous towards the ends of the connection. 

This is understandable as the stresses are generally higher near the 

connection ends, where the loads are applied and end effects occur. 

In order to give the weakest possible orientation of shear keys in the 

laboratory tests, the inner shear key is positioned on a line 45°to the 

horizontal from outer shear key (see Figure 2.6), so that cracks propagating 

from each key will meet. In actual offshore installations the relation 

between pile and sleeve shear keys cannot be controlled. 
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2.15 Deflections 

Deflection, or more accurately slip, has been mentioned for its 

importance in the serviceability limit state (12). Referring to 

Figure 2.8, it can be seen that ultimate load is achieved after about 10mm 

slip. As this is a quarter-scale test, it is argued that the actual slip 
b, 

would be 40mm. The basis for this argument is an investigation in which 

the mean values of slip at ultimate load, S,,, have been noted for each 

test series, and the ratio dp/SK�, is then calculated. This ratio has a 

fairly constant value of 40, so that 5, = dp/40. Evaluating the test 

results, however, there appears to be a large variability in & for all 

scales and it is not always clear how to determine bµ as the strength may 

continue to rise very slowly with S. Also, 5 may be different for 

alternative grout types and age of curing. 

The value of & may in fact be 10-15mm for all scales, as the grout 

steel bond is precisely the same in these cases. The shot-blasting is not 

scaled down, nor can the grout bonds be reduced. Only the overall 

structural dimensions can be scaled and these do not affect the mechanism 

of bond failure or shear key crushing. 

2.16 Summary and Conclusions 

The current bond strength formula has identified the most important 

factors affecting the ultimate bond strength. Its application is, however, 

limited since formula overestimates bond strengths of connections with high 

radial stiffness. Such connections with extreme geometries are now used for 

grouted repair work. This has also become apparent where piles have been 

grouted into rock which effectively has an infinite radial sleeve stiffness. 
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For this case the current formula predicts an infinite ultimate failure 

load. Since this is physically impossible there must be an upper limit to 

the bond strength. 

There is also experimental evidence that larger scale test specimens 

have a lower bond strength. This fact is not accounted for by the present 
k 

formula. 

The following chapters will seek to understand and remove these 

anomalies by the development and application of an improved bond strength 

formula. 
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CHAPTER 3 

REVIEW OF EU STING ANALYTICAL WORK 

3.1 Introduction 

Only a very limited amount of analysis has been carried out since the 

study of grouted connections is only a recent problem. The American 

Petroleum Institute has funded a programme to develop an analytical model 

and this A; ork, which has been carried out by Paslay Incorporated (18) is 

now reviewed. 

3_ .2 Paslay Analytical Model 

3.2.1 Behaviour of the Connection 

The analysis is designed to simulate a grouted connection loaded 

axially in compression, transferring load from the pile at one end to the 

sleeve at the other end. Three mechanisms are used to transfer the load 

across the steel/grout interface. These mechanisms are: - 

1. Adhesion of the grout to the sleeve or pile. 

When the connection is fabricated an adhesion of the grout to the 

steel occurs which can transfer shear and tensile stresses across 

the steel/grout interface. So long as this bond is intact the axial 

strains at the interface, are equal for the grout and the steel. The 

bond will break when stresses on the interface exceed the adhesive 

strength, and this mechanism is no longer active in load transfer. 

2. Load transfer may occur through Coulomb friction when the adhesive 

bond has broken. That is, 2'--yr,, where 'C is the shear stress on 

the bond, c-, is the normal compressive stress across the boundary 
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and µ is the coefficient of friction. Relative slip may occur on 

the interface for the condition T=µ o. No tensile stress may be 

carried across the boundary once the adhesive bond is broken. 

3. Even though the adhesive bond is broken at the location of a shear 

key the shear key can also transfer load to the grout. The 

concentrated loads at the shear keys are based on experimental 

values which give both axial and radial components. These loads 

are defined as a function of slip and effective key height (actual 

height less radial separation). 

Although all three of the above mechanisms are included in the 

analysis, the adhesive bond is not really necessary. Once this bond 

breaks, (the adhesive strength is low anyway), it plays no further role 

in the bond strength of the connection. 

Material behaviour of the grout is assumed to be elastic-perfectly 

plastic in the analysis, where the yield point is determined from the 

cube strength of the grout as follows: - 

Yield Point = fcu/f (3.1) 

3.2.2 The Generic Element 

The grouted connection is divided into a series of axial sections, 

or elements. Each element has a shear key on one end of the pile and 

the other end of the sleeve. Hence, the element lengths must equal the 

shear key spacing. The shear keys on the sleeve are always in line with 

the pile shear keys, rather than being staggered as in the laboratory 

tested connections. Figure 3.1 shows an exploded view of a typical 

element, including all forces and displacements essential to the analysis. 

/ 
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FIGURE 3.1 GENERIC ELL"%MT OF TEE PASLAY MODEL, SHOWING ALL THE 

FORCES AND DISPLAC TS DESCRIBED IN SECTION 3.2.2. 

-60- 



These are represented symbolically as follows: - 

CG : Axial compressive force on grout, left end 

CI : Axial compressive force on pile, left end 

CO : Axial compressive force on sleeve, left end 

PI : Average pressure between grout and pile 

PO : Average pressure between grout and sleeve 

SI : Axial component of force on pile shear key, left end 

SO : Axial component of force on sleeve shear key, right end 

SSI : Shear stress between grout and pile 

SSO : Shear stress between grout and sleeve 

XG : Axial displacement of grout, left end 

XI : Axial displacement of pile, left end 

XICR : Axial crush at pile shear key, left end 

XC : Axial displacement of sleeve, left end 

X03 : Axial crush at sleeve shear key, right end 

t: Value of 'ý at right end 

The grout-to-grout forces, CG, are restricted to be compressive 

because of the observation of cracks in the grout from the sleeve to 

pile at shear key locations in the failed specimens. In fact, the 

analysis can be simplified by ignoring these grout forces since they 

are negligible anyway. 

The element assumes a constant level of bond stress between shear 

keys but this may lead to large errors. The finite-element analysis 

(see Chapter 7) has shown that large variations of the bond stresses 

occur over this length. Also, the analysis does not allow for the 

effects of stiffeners attached to the sleeve, which is the case for 
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most experimental tests. These would reduce the level of axial stress 

in the sleeve. 

3.2.3 Governing Equations 

Twenty four simultaneous equations are written for each element, 
11 

which can be solved to find the forces and displacements. Some equations 

vary according to whether any bonds are broken, keys crushing or grout 

yielding. The equations are based on the following conditions: - 

Axial force equilibrium 

Elastic stress-strain formulae 

Shear key force - crush length 

Coulomb friction 

Von-Rises yield condition for the grout 

Since many of the above 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. Also, the load increment size is 

adjusted automatically, thus enabling one state to just change on each 

load step. 

There appears to be a source of error in the bond stress equations. 

If the adhesion is broken, it is stated that: - 

T=µr., (3.2a) 

but this should be: - 

Ir _< JA r., (3.2b) 

The bond stress will often be less than tA 6-,,, but as the analysis does 

not include a shear stiffness, there is no means of determining the true 

value of T. 

/ 

-62- 



Another shortcoming in the analysis is the lack of consideration of 

surface roughness. If the pile was loaded in tension and the sleeve in 

compression, the normal bondstresses would be reduced to zero by Poisson 

effects. If there were no shear keys, this would result in zero strength 

apart from the adhesive strength. Actual results (1) show bond strength 
k. 

to vary widely according to the geometry of the connection and so friction 

bond stresses must still exist. This is possible if the interface between 

grout and steel is considered as a rough surface, so that dilation will 

take place on the bond when slip occurs. 

3.2.4 Shear Key Loads 

Simple experiments were carried out in order to determine a load-slip 

relationship for the shear keys. Figure 3.2 illustrates the analogy 

between the actual shear key crushing and the experimental model used by 

Paslay. Due to its symmetry, the punch resembles two shear keys back-to- 

back in which the centreline corresponds to a friction-less wall 

separating the two. The fact that there is grout only below the punch 

does not hamper the analogy, because the free surface remains largely 

unaffected during crushing. The resistance to motion is provided by the 

underlying grout. 

The figure shows that a square shape punch was used when the actual 

shape of the key is in fact hemispherical. The hemispherical shape will 

produce a larger lateral load as the key pushes into the grout and this 

will reduce the degree of confinement of the grout under the key. As a 

result, the actual stress at which the grout crushes will be lower and 

the experimental results obtained with tha square punch will give crushing 

loads which are too high. Also, the level of confinement of the grout 
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(a)Actual shear key crushing 

4; - 

unch face 
: 6.4 x 76 mm. 
L=3.18 nm 

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

(b)Experimental punch crushing 

FIGURE 3.2 ANALOGY BETWEEN ACTUAL SHEAR KEY AND THE EXPERIMENTAL 

ARRANGE MT USED BY PASLAY. 
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provided by the steel trough, does not necessarily reflect the level of 

confinement provided by a given grouted connection geometry. 

Cement mixed with an equal weight of sand was used as the grout in 

the Paslay experiments. This is not typical of North Sea practice, 

however, in which sand is not used. Also, the specimens were cured at 27° 

Centigrade, whereas the North Sea temperature is only 8° Centigrade. This 

may affect the grout properties. 

Figure 3.3 shows typical load-deflection curves obtained from these 

tests. Initially it was thought that one trough of grout could 

accommodate several tests, but it was discovered that end effects and 

interaction between indentations lowered the ultimate force the grout 

can withstand. The lateral force on the grout is very great and was 

demonstrated in one experiment where it caused the weld at the end of 

the grout confining trough to break, thus relieving the pressure under 

the punch. These effects emphasise the importance of the pile and sleeve 

in confining the grout to enhance the overall strength capacity. 

Results from they tests; indicated that the maximum punch pressure is 

approximately five to six times the cube strength of the grout. 

i. e. (3-jc,, )- 
(5 or 6) x f,,, (3.3) 

It was also seen that the punch indentation is accommodated through 

compaction of the grout, rather than by plastic flow, and that the 

compacted region has roughly the same dimensions as the indentation. 

Paslay also made the observation that the ultimate strength of a grouted 

connection can be estimated as follows: - 

fbu. 6x fau-A, /kp (3.4) 

Therefore: T, -,, y= 
6x fcu (3.5) 
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This is six times stronger than the interim Departaent of Energy design 

code given by equation (2.8), and may reflect the greater strengths 

obtained by loading in tension and using square shear keys. Paslay 

noted that the value of the constant in equation (3.5) compared well 

with the results of the punch tests, concluding that equation (3.3) was 

realistic. 

On checking equation (3.5) against the Wimpey results, it was found 

that: - 
6',, y= 

(2.7 to 7.1) x f, u 
(3.6) 

and some of the results are tabulated in Table 5.3. There is a large 

variation in the 'constant' factor, which can be attributed to the age 

of grout, hoop stiffnesses of the sleeve and pile, and shear key height 

and spacing. No allowance is made in equation (3.4) for a contribution 

to the bond strength from bond friction, but later analysis in Chapter 7 

shows the bond to be open at high loads, and so it is reasonable to 

assume all the load is taken by the shear keys. 

In the Paslay analysis, the following shear key force-crushing 

displacement function is used to give the axial key force per unit 

circumference, V, as: - 

V= 2.5 +3x 
Crushing isplacement hx f"M (3.7) 

for crushing displacement < h. 

The punch test results formed the basis for the above equation, which 

gives a maximus key stress of: - 

a'-- _ 5.5. feu (3.8) 

when the crushing displacement is >/ h. Figure 3.3 shows a reasonably 

close fit with the experimental data. 
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Equation(3.7) implies that larger keys will require a larger crush 

displacement to reach ultimate load. After the examination of the 

Wimpey results (8), for varying h, it was found that the total slip at 

ultimate load certainly does not vary with h, but is approximately 

constant. 

Paslay assumes the radial key force per unit circumference, VR, to be 

half of V. He justifies this by showing that the maximum possible value 

of VR equals V, but that the radial flexibility of the tubulars probably 

reduce VR . This seems to be rather simplified as a large range of radial, 

flexibilities are possible. Also, the radial force component must depend 

on the shape of the shear key used, since the surface of the shear key 

interacts with the grout which is trying to slip past the shear key. VR 

may have an important effect as it tends to open the bond, reducing 

surface friction, and at the same time reducting the penetration of the 

shear key into the grout. The detailed analysis in Chapter 7 determines 

values for Va, according to the shape of the keys used. 

3.2.5 Programme Results 

A programme is included in the report which can carry out the 

previously described analysis. Computer analyses have been conducted for 

the connection geometries which were also experimentally examined by the 

Chicago Bridge and Iron Company and by Wimpey Laboratories. Thus it was 

possible to establish the accuracy of Paslay's method. For the Wimpey 

tests, the pile is in tension and the sleeve in compression. The load is 

applied from only one end. In order to accommodate this loading arrange- 

ment in the analysis, certain changes were apparently made to the boundary 

conditions. Typical property values used were: - 
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E9=1.24 x 104 N/mm1, v9= 0.2 ,µ=0.2 and f, 
-, = 54 N/mm2 . 

The value for Poisson's Ratio seems low, as values of 0.25 to 0.30 are 

typical (19). The friction coefficient is also low since the joint tests 

reported in Chapter 9 show 14=3.0. The adhesive bond strengths are equal 

to zero as these are not important when shear keys are used. Figure 3.4 

shows the shear key layout for the P9/10 tests, and the represenkation by 

the Paslay Model. It can be seen that the positions of the shear keys may 

lead to some discrepancies, particularly at the extreme ends of the 

connection where the shear keys do not have enough grout cover to generate 

the shear key forces given by the programme. 

The predicted load-slip curve for the P9/10 tests, together with the 

experimental results, are shown in Figure 3.5. It can be seen that the 

Paslay model substantially overestimates the bond strength and this was 

found to be the case with other geometries too. If according to the 

lower factors in equation (3.6), the maximum shear key loads were 

substantially reduced, then the results are improved. Alternatively, if in 

the Wimpey tests square shear keys had been used, the load achieved with 

the sleeve in tension, then possibly the results would have been closer to 

the Paslay prediction. 

3.2.6 Evaluation of Trends 

Parameters affecting the bond strength were varied independently to 

establish the trends the Paslay model would give. Using published values 

of Young's Modulus for a given cube strength (11), it was possible to 

investigate the effect of f,.,. This gave: - 

fb, 
4 oc (f« )r 

, where n= 0.92 (3.9) 

Experimentally it has been found that n= 0.5, thus suggesting that the 
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shear key force, which has been made proportional to f, 
-q 

in equation(3.7),. 

should be proportional to the square root of cube strength instead. 

Varying the length of the connection by changing the number of 

elements, shows a reduction in bond strength with increasing length, 

which is approximately equal to the experimental trend. The reduction 
k 

in bond strength for 1/d, < 2 is not apparent as the analysis does not 

include the bending effects caused by end restraints. 

The effects of hoop stiffness were investigated by varying the sleeve 

and pile thickness in turn. A plot of predicted bond strength against K, 

the hoop stiffness factor, is given in Figure 3.6. The strength 

predictions from the standard bond strength formula, a new formula 

described in Chapter 8, and the finite element analysis results, are also 

plotted. The new formula, Paslay's results, and the finite element 

results all seem to indicate an upper limit on bond strength with 

increasing K, unlike the standard formula which continues to show a 

strength rise. Table 3.1 gives the numerical results for this graph. 

Figure 3.7a shows the effect of pile or sleeve thickness on bond 

strength in a more direct way. The solid curve corresponds to sleeve 

shear key crushing while the broken lines correspond to pile shear key , '' 

crushing. Figure 3.7a shows the Paslay predictions. It can be seen that 

varying the sleeve thickness above 5mm makes little difference to the 

bond strength. This was also fqund to be the case for the finite 

element results, given in Figure 3.7c. The finite element analysis 

shows that large increases in sleeve thickness have little effect on 

bond strength, as the pile bond always opens anyway. As a result, the 

pile key forces are such larger than the sleeve key forces which are 

helped by bond friction on the sleeve, and crushing occurs around the 
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pile keys. However, when the sleeve thickness is very low, the sleeve 

bond opens before the pile bond. This results in higher key forces on 

the sleeve and failure then takes place around the sleeve keys. 

when longitudinal stiffeners are used on the sleeve (not in Paslay's 

analysis), the Poisson effects in the sleeve are reduced, and failure is 

nearly always on the pile keys. 

Figure 3.7b shows the predictions from the new bond formula in 

Chapter 8 for comparison. 

Another interesting trend results from varying the shear key upstand, ' 

h. Paslay shows the bond strength to be proportional to h for h<5.08mm 

on the basic P9/10 geometry. For h> 5.08mm, i. e. h/s > 0.03, no further 

strength is gained because the yield point of the grout is reached. 

Actual test results at Wimpey Laboratories have shown a linear increase 

in fbu with h up to h/s = 0.06, but the strength increase with h is less 

than predicted by Paslay. If Paslay's results gave a lower strength 

increase with h, then the yield point could be reached at h/s =0.06, 

which is the case for the experimental results. This seems encouraging 

since the strength increase with h can easily be corrected by modifying 

the shear-key load formula. This approach has already been suggested. - 

3.3 Other Reports 

3.3.1 R. Van Lee Report , 

Another analysis of grouted connections, limited to plain pipes 

only, has been carried out by R. Van Lee at Massachusetts Institute of 

Technology (20). The important details of the report are now reviewed. 

Three models were produced. The first one considered axial stresses 

and displacements only. These were equated by means of linear elastic 
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stress-strain relations for each material, and a linear bond stress- 

slip relation which is to be described later. The stress-strain and 

equilibrium equation results are combined in a fourth order differential 

equation which is solved by a computer programme in a similar manner to 

the Paslay analysis. 

The second model was similar to the first, but included the addition 

of radial and hoop stresses. Both of these models are applicable only 

in the linear-elastic range. 

The third model was a nonlinear finite element analysis, which 

enables the bond stress-slip relation to be nonlinear. Also, bending 

effects were included in this analysis, which accounted for the effects 

of end restraints on radial displacements. 

Figure 3.8 shows the bond stress-slip relation used in all three 

models. The unloading section can only be applied in the finite element 

analysis and the numerical values are based upon overall bond stress- 

slip results from a plain pipe test at one third scale. This does not 

account for local variations in bond stress. Also, the maximum value of 

bond stress is fixed and no account of the effect of normal bond stress 

on the shear bond stress is made. This is an important omission since 

the normal bond stress varies according to the hoop stiffness of the 

sleeve and pile. 

The results of all three models are in reasonable agreement with 

the experimental results, but this is not surprising as the data for 

kt and '1 came from the same experiment. The bond shear stress is a 

simple function of slip and so it must be fairly constant over the 

whole length of the connection, as the elastic displacements within 

each cylinder can only vary gradually. Had a Coulomb friction law been 
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FIGURE 3.8 BOND STRESS-SLIP RELATION USED BY VAN LEB. 
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used, the bond stresses may have been more variable, particularly at the 

ends of the connection. In fact, the report suggests that by increasing 

the bond stiffness, the shear stress distribution becomes more nonlinear 

with peaks at the ends of the connection. A high bond stiffness may be 

more realistic as the shot-blasted steel surfaces are very rough. 

Finally, an interesting fact is given in Van Lee's literature survey. 

A paper by G. Y. Ostroot (21) defines another stiffness factor based on 

empirical correlation. In dimensionless form, this correlation gives 

stiffness factor, SF =tx 
is 

4) 
(3.10) 

where bond strength, fb,, a 1/SF. 

This is an interesting alternative to the stiffness factor, K, in the 

standard bond strength formula, and to the factor, 'i, in the new bond 

formula proposed in Chapter 8. 

3.3.2 Brown and Root Report 

In a report from Brown and Root (22), an attempt is made using thin 

shell theory, to find the key nondimensional parameters affecting the 

strength of a grouted connection. Many assumptions and simplifications 

are necessary regarding the interactions on the steel/grout bond and as 

the bond behaviour is of key importance it is unlikely that the resulting 

parameters will give more than a rough guide. Shear keys are not 

considered. Six nondimensional parameters are produced, including some 

which are used in the formula for K, but it is difficult to see how these 

six parameters could be brought together into a single bond strength 

equation. 

The parameters are: 

P/E. t. R, S. /( 
, R/t , £/R ,v and µ 
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where: P= axial load 

R= cylinder radius 

(= connection length 

E, v = elastic properties 

£= slip 

t= cylinder thickness 

tA = friction coefficient 

There are three sets of the above parameters which describe the sleeve, 

grout and pile. 

3.3.3 Wimpey Laboratories Analysis 

One other interesting study worth mentioning is a linear elastic 

finite element analysis of a grouted connection with shear keys which 

has been reported by Wimpey Laboratories (23). The steel and grout are 

coupled only at the shear key locations, with no other load transfer on 

the bond. This is a simple form of analysis in which no slip is possible. 

It provides an indication of the load transfer along the connection. The 

most interesting results concern the radial displacements on the 

interfaces. Figure 3.9 shows the results for the sleeve/grout bond, 

which is similar to the characteristics shown for the pile/grout bond. 

It can be seen that there are alternate areas of separation and contact 

of the steel from the grout between each shear key. This effect 

emphasises the error in the Paslay model, where a constant normal 

bond stress is used over the whole length between keys. 
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FIGS 3.9 RADIAL DISPLACEMENT ON THE SLEEVE/GROUT INTERFACE 

UNDER COMPRESSION LOADING, GIVEN BY LINEAR FINITE ELE? ENT ANALYSIS. 

THE BOND IS COUPLED AT THE SBEAR KEYS. 
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CHAPTER 4 

THE FINITE ELEMENT ANALYSIS 

4.1 Solution Procedure 

Non-linear finite element analysis is well established and programmes 

such as NONSAP (25) are readily accessible. The procedures involved are 

described in papers by Bathe, Ozdemir, 'Wilson and Zienkiewicz (24,25,26). 

This material has been taken as the basis of the finite element programme 

which has been developed for the work reported in this thesis. 

Only a brief introduction to the standard methods employed is 

therefore required since the techniques are well documented elsewhere. 

Later chapters describe in detail the finite element development and 

implementation which have been carried by the author to enable the 

technique to be used for the analysis of grouted connections. 

Specified load increments are applied to the grouted connection and 

the resulting displacement response is calculated until the applied load 

becomes so large that the analysis becomes invalid. This breakdown is 

normally due to the stiffness of the connection becoming too low to 

sustain further load and so it represents the ultimate load capacity of 

the connection. This state is normally indicated by an inability to 

reach equilibrium in a specified number of iterations. 

The solution procedure used is the Modified Newton Raphson Method, 

in which the global stiffness matrix is updated for each new load 

increment but not for individual iterations (Figure 4.1). This is more 

efficient than the standard Newton Raphson process, where much 

computational effort is spent on updating the stiffness matrix for every 
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iteration. At the other extreme, it is possible to not update the 

stiffness matrix at all. This would require an ever increasing number of 

iterations to reach convergence as more bonds open or slip and lose 

stiffness. The displacements would also tend to be underestimated and 

so it is preferable to update the stiffness matrix for each new load 

increment. 

The size of the load increments need to be made gradually smaller as 

the load increases and the connection becomes less stiff. If the load 

increment is too large the stiffness may deteriorate to such an extent 

that no number of iterations will converge. Alternatively, the ultimate 

load capacity may even be exceeded, in which case the analysis will 

become unstable. 

Also, it is important to keep the load increments as small as possible 

when the nonlinear grout material becomes plastic, cracks or crushes. 

The strain increments are predetermined as a function of the stresses at 

the end of the last load step. This is acceptable in the elastic state, 

but if the grout moves into the plastic state during the current load 

step, the rate of strain should increase in one direction due to the 

existence of plastic flow. This cannot occur because the strain 

increments are predetermined for the whole structure and so the resulting 

stress increments, which are related to the strain increments, will also 

be inaccurate. 

The total stresses and strains at the end of the load step will 

include the above errors and as the strains calculated for the next load 

step are a function of these stresses, the errors will accumulate with 

each load increment. These strain errors are only large when a state 

change is initiated, such as elastic to plastic, or the formation of a 
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new crack, which has a large effect on the succeeding strains. Errors 

are minimised by restricting the size of these strain increments when 

state changes are likely to occur. This is achieved by the use of small 

load increments when the total load becomes large enough to make state 

changes probable. 

4.2 Iteration Process 

The iterative process proceeds in the following way. Before the 

application of a new load increment vector {OP}, the global tangential 

stiffness matrix [Kb, ], is calculated from the stresses and strains at 

the end of the last load increment. Then, the displacement increment 

vector jouj, can be estimated as follows: 

Iou}= IOP} 1K], (4.1) 

and the displacement vector is updated to give 

lint- {ulk± Iou} 
. 

(4.2) 

For the solid continuum elements, it is now necessary to use 

numerical integration techniques to, determine the strains and the nodal 

forces. Weight coefficients of the Gaussian Quadrature Formula (26) are 

used with n= 2, i. e. four Gauss Points in the case of rectangular 

isoparametric elements. For each Gauss Point, the quadratic 

interpolation functions and their derivatives are formulated. The 

Jacobean matrix and its determinate are then found and from these the 

strain matrix 
[B], 

can be determined. The strains can be calculated 

as follows: 

{}= [B]1u1 
- (4.3) 

The stresses fr} , are then determined using linear-elastic stress- 

strain relations, or in the case of the grout material, using the 
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relations defined in Chapter 6. The internal force vector 
ýQ), is then 

given by 

{@}= [B]T{(+ - (4.4) 

In the case of the friction-gap elements, there are no strain 

calculations and the internal force vector is calculated in the same way 

as that in Chapter 5. 

The out-of-balance, or residual loads fRosj 
, are then given by 

{ROB} 
=W+ 

{AP} 
- 

{@} 
" 

(4.5) 

In order to satisfy the equilibrium conditions, 
{R00} 

must be reduced to 

zero and this requires a further displacement increment jAu, j 
, which 

results from the first iteration and is calculated as follows: 

{Au, } 
= 

{ROB} [x]'. (4.6) 

The total displacement increment is then 

(u, } = 
{u}+ 

Lou} . 

The residual force 

lvector 

isthen recalculated and if necessary more 

iterations are carried out until convergence criteria are met. 

4.3 Convergence Criteria 

Convergence is satisfied if the ratio of the Euclidean Norms of the 

incremental displacements to the total displacements is less than a 

specified tolerance. That is, for convergence after the i th iteration 

ý(uý. 
i + one}1 :5 Specified Tolerance (4.7) 

where typically, tolerance = 0.0001 in order to achieve convergence in a 

reasonable number of iterations. 

For the analysis of grouted connections, as the slip on the steel/ 

grout interfaces increase, the displacement increments become larger. 
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This enables the convergence criteria to be satisfied by less accurate 

results since the denominator of equation (4.7) is increased by the large 

rate of slip. Also, whilst the shear stiffness of the bonds are kept 

constant, the results will always underestimate the slip and bond stress 

required for equilibrium. This is particularly so when ultimate failure 

is on only the sleeve or the pile bond, which is normally the case. When 

this happens, convergence is very good on the unfailed bond, where slip 

is small, but the slip on the failed bond may be significantly under- 

estimated and give the impression that the ultimate load of the connection 

is somewhat higher than it would be with good convergence. Therefore, 

rather than using a more exacting convergence tolerance, which would 

greatly increase the number of iterations needed, the ultimate load is 

assumed to be reached when the slip on one bond reaches 5 mm. Ultimate 

load is taken to be when the grout is crushing under all shear keys on one 

bond when shear keys are included. 

To some extent, the number of iterations can be reduced by reducing 

the bond stiffness when slipping or opening of the bond occurs. 

If equation (4.7) is not satisfied at the end of the iteration, {R, 
9} 

is again calculated and a further iteration carried out. It may be 

necessary to check for divergence before the next iteration. Divergence 

is an indication that the iteration process is becoming unstable, which can 

happen in highly nonlinear situations and is defined as follows: 

Ro > DAP )1 1.1 for divergence. (4.8) 

Divergence does not necessarily lead to problems in the first few 

iterations, but if it persists, then corrective action or termination of 

the analysis will be needed. This condition often occurs at the ultimate 



load of a structure. 

A method by Crisfield (38), has been added to the programme to correct 

divergence when it is not too large. It is during iterations to update 

the displacement vector. This has been done in equation (4.9) below, 

where 77 = 1.0. 

{u: 
+, 

} 
= 

ýul 
y 77i 

tau (4.9) 

However, when this leads to divergence, as defined by equation (4.8), a 

smaller fraction of the displacement increment can often restore stability. 

This fraction is calculated as follows: 

71; = 0.8 x E(Apz 
ýýRog ), 

(4.10) 

The analysis is terminated if this fraction is less than 0.1, otherwise 

the new displacements are re-calculated using the reduced value of -0, 

and hopefully stability will be restored. This process works well when 

the applied load increments AP may be a little large for the analysis, 

causing considerable nonlinear changes in one load step. Figure 4.2 shows 

this process as a flow-chart. 

It is possible to use the nodal loads rather than the displacements 

in the convergence criteria, but as local sudden changes in stresses can 

occur, for example, due to grout cracking, it is considered that the 

displacement criteria is more practical. . 

Figure 4.3 outlines the whole solution procedure used for solving 

the grouted connection problems. 

4.4 Modelling the Grouted Connection 

Two axisymmetric finite element models have been proposed. In the 

first model it is intended to represent the complete grouted connection. 
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INPUT PHASE 
Read control information. 
Verify and initialize solution variables. 
Read and generate nodal point data. 
Calculate and store applied load vectors for each time step. 

OBTAIN ELEMENT INFORMATION 
For each element group, read and generate element information. 
Update global stiffness bandwidths. 
For elements with nonlinear materials, initialize stored 
parameter values. 
Calculate storage requirement for each element group. 
Print out data. 

SOLUTION PHASE 
Assemble linear part of global stiffness matrix for any 
linear element groups. 
Initialize displacements. 

TINE STEP INCREMENTATION 
Initialize TIME, set flags for iteration and 
reform stiffness matrix. 

SOLUTION OF INCREMENTAL EQUATIONS 
Calculate linear effective loads resulting from 
initial displacements. 
For each nonlinear element group calculate nonlinear stiffness, 
add to global stiffness matrix and calculate nonlinear effective 
loads corresponding to the initial displacement configuration. 
Calculate norm of the incremental load, Z (&P). 

SOLVE FOR INCREMENT IN DISPLACEMENT VECTOR 
tau =K-&P , using Gaussian Reduction. 

UA 

FIGURE 4.3 FLOW-C, 3ART OUTLINING TIM STEP-BY-STEP SOLUTION PROCEDURE. 
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ITERATE FOR STATIC EaUILIBRIUM 

Using updated displacements, u=u+ou, calculate the strains. 
Then for each element group, calculate the stresseys, and 
then the effective loads, from which the out-of-balance 
load vector, Rog, is determined. 
Calculate the norm of out-of-balance loads, T-(Roý2. 
Check for divergence, and possible reduction of Au, or 
STOP if unstable. 
CALCULATE INCREMENTAL DISPLACEMENTS 

using the out of balance load, ie &u., = IC IRo8. 

CHECK FOR CONVERGENCE 
Update the total displacement : u=u+Au;, then calculate 
the Euclidean norms of the displacements and displacemnet 
increments to check for convergence. 

Tlo max. no. or No `-\ 
iterations converged? 
been made? 

Yes Yes 

STOP Calculate new displacements. 
If required, calculate and print 
stresses for this time step. 

Add v 
TIME 

NO 
Last load step? 

increment Yes 

STOP 
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FIGURE 4.3 Contd. 
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The second model enables a detailed examination of the nonlinear behaviour 

around a shear key. The detailed shear key analysis incorporates one 

shear key on each of the sleeve and pile in a short length of grouted 

connection. A large number of elements are used so that the progressive 

cracking and crushing behaviour around the shear keys can be observed as 

the loads on the shear keys steadily increase. The results of this 

analysis enable the overall load-slip behaviour of the shear key to be 

determined. These results are used in the model of the complete grouted 

connection where the load-slip behaviour of the shear keys is incorporated 

into the friction-gap elements on the steel/grout interface at the shear 

key locations. Thus, the., need for a high density of elements around the 

shear keys is avoided. The number of degrees of freedom are reduced by 

using larger elements and so it is possible to analyse much longer 

connections with many shear keys. Later analysis shows that nonlinear 

grout behaviour is only associated with the shear keys and not with plain 

pipe connections, and so-as the shear key effects are included in the 

friction-gap elements, it is possible to use linear-elastic grout in this 

analysis. The elements are in any case too large to accurately reflect 

the nonlinear behaviour; grout failure would spread in large steps as the 

Gauss Points are so widely spread. 

Figures 4.4 and 4.5 show the finite element meshes for the whole 

connection and the detailed key analysip, respectively. A range of 

additional boundary restraints were used on the detailed analysis in 

order to prevent the connection failing prematurely in such a short bond 

length. This feature is described in Chapter 7. 

In the complete connection analysis three rows of elements having the 

same length were used between each shear key. The use of fewer rows would 
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not be able to accurately reflect the changes in stress between shear 

keys. For plain pipe connections, longer elements have been tried but 

these gave errors due to not being able to show the large rate of change 

of bond stress at the connection ends. 

4.5 Element Types 

For both finite element meshes, the sleeve, pile and grout are 

represented by eight or six noded solid, isoparametric, axisymmetric 

elements. The isoparametric element has been proved to be very effective 

in linear analysis (26) and it has been shown, both in NONSAP (24) and 

elsewhere, that general nonlinear continuum mechanics formulations can 

also be efficiently implemented using such elements. Eight-noded 

elements are used on the whole grouted connection model since the 

elements are large and so considerable variations in strain are likely 

across their dimensions. The elements are much smaller for the detailed 

shear key analysis and, therefore, fewer nodes are used. 

The steel/grout bond is a major source of nonlinearity and is 

modelled by a specially developed friction-gap element. This element 

simulates both the bond behaviour and where specified, the effects of 

shear connectors. A full description of this element is given in 

Chapter 5. 

The laboratory test specimens normally have longitudinal stiffeners 

which have at least a small effect on the ultimate bond strength. It 

was considered necessary to simulate the stiffeners in some way. 

Individual stiffeners cannot be represented in axisymmetric analysis 

and so an approximation is made by attaching plane-stress elements to 

the outside of the sleeve. Their thickness is set equal to the sum of 
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all the stiffener thicknesses, divided by 2ir , 
(as the analysis is carried 

` out per radian). This should produce the correct stiffnesses, but the 

forces from the stiffener elements will be uniformly distributed around 

the circumference, rather than at localised stiffener positions. This 

is an acceptable approximation since there are normally six or twelve 

stiffeners evenly distributed around the sleeve. 

4.6 Constitutive Laws 

The steel and grout are both treated as linear elastic for the whole 

connection analysis. In the case of the detailed shear key analysis the 

constitutive law for the grout must include cracking and crushing modes. 

Also, in order to simulate the gradual build up of microcracking prior 

to ultimate failure, an elasto-plastic strain-hardening function is used. 

This function has to consider a three-dimensional stress state to include 

the radial confining action of the steel tubulars on the grout, which 

enhances the load capacity of the grout. The constitutive law used is 

based on that developed by Chen (40) for concrete, and is described in 

detail in Chapter 6. 

4.7 Stress and Strain Definitions 

Stresses and strains are generally defined in terms of the initial 

geometric configuration and geometric nonlineari. ties are not calculated, 

except for the nonlinear grout. This is because the only significant 

displacements are due'to slip on the steel/grout bonds and these 

displacements will not affect the stiffnesses of the cylinders. In the 

case of the grout large shear strains and cracking and crushing can 

occur. The strains, therefore, of individual elements are not small and 
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geometric effects must be considered. The material law used enables the 

stresses and strains to be defined by the Total Lagrangian formulation, 

that is, relative to the initial configuration. The stresses and strains 

in the nonlinear grout are therefore 2nd Piola-Kirchoff stresses and 

Green-Lagrange strains. The stresses are converted into the true Cauchy 

stresses for output purposes, using the definitions and formulae given 

by Malvern (27). 

r 
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CHAPTER 5 

THE FRICTION-GAP ELEMENT WITH DILATION EFFECTS 

5.1 Background 

The configurations for many finite element analysis problems in 

structural engineering and mechanics include the interface between 

I 

dissimilar materials. If, throughout the loading history, perfect bond 

is maintained, then the presence of an interface offers no difficulties; 

the interface merely serves as a boundary between neighbouring rows or 

columns of elements with dissimilar properties. If at some point in the 

loading history, however, the bond breaks down and there is relative 

movement between the two adjacent surfaces, such as in the case of the 

grouted connection problem, then special analysis procedures are 

necessary. 

There are many examples of problems in which material interfaces 

play a prominent role. For example, soil-structure interaction, bonding 

in reinforced concrete and reinforced earth, jointing in rock, brick- 

mortar bonding in masonry, machine-part interfaces such as gears and 

rollers, and nuclear reactor fuel element assemblies. 

The physical behaviour of an interface separating two continua 

involves tangential slip initiation when the tangential component of bond 

stress exceeds the shear strength of the discontinuity. The subsequent 

slip proceeds according to some sliding friction law. Bond separation 

may also occur if the normal component of bond stress exceeds the tensile 

strength of the discontinuity. Slip, separation and recontact may all 

occur during a given stress-time history. 
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The interface problem is complex and inherently nonlinear. Several 

investigators (28,29), with an objective of representing the joint 

behaviour in rocks with a finite element model have developed so-called 

"slip or joint elements" and have achieved moderate success in simulating 

the gross behaviour of some physical problems. In using these slip 

elements for simulating interfaces or joints with thicknesses small in 

comparison to other typical element dimensions, however, serious 

difficulties are encountered. A pseudothickness for the element must be 

assumed and in order to maintain normal-displacement compatibility across 

the interface a large stiffness in this direction must be assumed, which 

in addition to creating an ill-conditioned stiffness matrix causes 

difficulty in simulating actual interface debonding. 

A more accurate approach which is taken by other investigators (30, 

31,32,33,34) assumes an interface discontinuity to be represented by a 

sequence of node-pairs, one on each side of the interface. The inter- 

connection between node-pairs can be controlled by bond stiffness factors, 

such as is the case for the bond element developed in this thesis for the 

grouted connection or by modifying the global stiffness equations of the 

elements neighbouring the interface. The latter approach eliminates the 

need for constructing a slip-element and so avoids the difficulties due 

to pseudothickness and fictitious material properties or joint stiff- 

nesses. In the current friction, -gap element which has been developed for 

the grout/steel interface, the use of joint stiffnesses has proved to be 

satisfactory because the bonds in general show a tendency to open. The 

large values of normal stiffness needed for closed bonds are, therefore, 

not used and the associated numerical difficulties are avoided. 
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5.2 Element Formulation 

The element can include either two or three node-pairs, depending on 

the application and number of nodes on the adjacent continuum elements. 

Three node-pairs are more suitable for analysing whole grouted connect- 

ions with larger elements, but the simpler two node-pair version is 

useful for detailed analysis around individual shear keys. As the two 

node-pair version is a simple variant of the three node-pair version, 

only the latter need be described in detail. 

Figure 5.1 shows the geometric arrangement and the local node 

numbering of the element's six nodes used to connect the sleeve and grout. 

Normally the angle 6 is zero , so that the element axis coincides with 

the direction of the global Z-axis and the centreline of the grouted 

connection. 

The following definitions can now be made: - 

Global displacement fu, uZ u6 

vector v, v1 v6 

Element coordinates = fY, Y3 Y5 

Z, Z3 Z5 

Then: DZ = ZS-Z, 

DY=YS Y1 

Element length, t= DZ1 + DY" 

Cos 0= DZ/t , SinO = DY/Q 

(Y-= Y, , Z2=Z, etc. ) 

(5.1a) 

(5.1b) 

(5.2) 

(5.51 
The three sets of relative displacements normal and tangential to the 

bond surface, an and At respectively, are calculated as follows: - 

Ate= -(v, - v1)Coso- (u, 
- u2)SinO (5.4a) 

Ate = -(v3 - vq )Cos9 - 
(u3 

- u4)Sin0 (5.4b) 

At3= -(vs - v6 )Cose- (us 
- u6)Sin& (5.4c) 
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an, _ (v, - v2 )Sine - (u, - u2 )Cos o (5.4d) 

ß. n2 = (v3 
- v4 )Sine - 

(u3 
- u4)Cos & (5.4e) 

An. = (vs - v6)Sin9- (u5 - ub)Cos9 (5.4f) 

The stress-relative displacement relations are required in place 

of the more familiar stress-strain relations. By introducing normal and 
b, 

tangential stiffness factors, k� and kt , the normal bond stress 

and shear bond stress , are defined as: - 

, sýý =k�, on, (5.5) 

'tj =k, etj (5.6) 

for i =1,3 with any one of the three node-pairs. 

The shear bond stress is frictional and is, therefore, bounded by the 

limit; I'rl<c -rc0--ý (5.7) 

where c is the adhesion and it is the coefficient of friction. A 

negative stress represents compression. 

Also, as the tensile strength of the bond is lost when slipping 

commences, no tension is allowed across the bond, so: - 

ýý <o (5.8) 

The adhesive strength c, in equation (5.7), is generally small in 

comparison to the very large friction strength (see Section 9.1), and in 

any case reduces to zero once slip is initiated. Since the post-slip 

initiation process is of most importsnce for ultimate strength analysis, 

it is therefore reasonable to use zero adhesive strength in the equation. 

In terms of matrices, equation (5.4) can be expressed as: - 

{Due} = [B] fuel (5.9) 

where: (Aue) T Ion, At, An, AtZ Ana At3ý 

fuel T= {u, 
V, ui vt ...... U4 vvj 
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[B] =I -C sC -a ý 
0ý0 

-a -c sc1 

i -c sc -s 
0ý0 

-s -c sct 

-c sc -s 
0(0º 

-s -c sc 

and: c= cos 9, s= sin 1 

A local coordinate r, is used to define position along the element, 

(Figure 5.2). Shape functions, expressed in terms of r, can then be used 

to define the bond stresses and displacements along the element. 

With three node pairs, the shape functions are quadratic, as described 

below, but when there are only two node-pairs, linear shape functions have 

to be used. The three quadratic shape functions are: - 

Nt . (1-r1) (5.11) 

N3 = ß£(r1+r) 

Then: [u(r)} 
_ [N]fu"} (5.12) 

where: 
fu(r)l T= {u(r) 

v(r)) = Displacement at position r. 

[N] =N0 N2 0 N3 0 (5.13) 

0 N,: 0 N1 0 N3 

Similarly: Au rN ou 

Therefore: {fu(r)} _ [N][B]4ue} (5.14) 

5.3 Equilibrium Equations 

Applying the principal of Virtual Work for nodal applied loads rFe} 

and virtual displacements Sf uu} : - 
fS {Au(r)I {r (r)} 

. 2irRdr u¢}T {Fe} (5.15) 
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where: R= radius of the bond surface 

(T (r)IT = {6ý (r) T (r)} 

and {6'(r)} 
. 2(Rdr is the bond force. 

Equations (5.14) and (5.15) combine to give: - 

J S, [B]T[N]1 {6'(r)} 
. 21 Rdr = bý{Fe} (5.16) 

Nodal stresses are defined by the [D] matrix as follows: - 

[][][u e} (5.17) 

Therefore: (T (r)} _ [N] [D] [B]f 
ue} (5.18) 

kt, 0 

kn, L 
1 (5.19) 

kt2 

0 k�3 

L k3J 
k� and kt are joint stiffnesses in N/mm3, that is stiffness per unit 

bond area. The values of kn and kt can be reduced if slipping or opening 

of the bond occurs by setting the values of FAC1 and FAC2 greater than 

unity in the following: - 

On slipping, kt --> kt/FACT 

On bond kt ---> kt/FAC2 

opening, k� --j k� /FAC2 

In reality the stiffness factors should be reduced to zero for an open 

bond, but in order to maintain good stability and control of the 

displacements, it is better not to reduce the stiffness too much. This 

is particularly important where increased friction may stop the slipping, 

or stress redistribution may reclose a bond. Exact stiffness factors are 

not required so long as the bond stresses are correctly calculated. 
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The iterative solution process will converge to the correct solution. 

A further comment worth mentioning is that no cross-coupling is 

allowed in the [D] matrix. If the k terms are updated independently 

for each node pair, then any cross-coupling would result in the stiffness 

matrix losing its symmetry. This restricts the complexity of the stress- 
iL 

relative displacement functions that can be used. 

5.4 Stiffness Matrix 

Substituting equation (5.18) into equati on (5.16) gives: - 

J [B]T [N]T[N][D]CB] 
. 21Rdr. tue} _ (F e) (5.20) 

which can be expressed as: - 

CR](ue)= 
IFCJ 

where the stiffness matrix is given by: - 

[K] =, 
f [B]T [N]TCNj[D][B]. 2 rtRdr (5.21) 

On expanding and integrating: - 
I[IT]-rmdr 

=14020 
f 

-1 0 (5.22) 
i 15 

0402 0 -1 

20 16 0 2 0 

020 16 0 2 

-1 020 4 0 

0 -1 02 0 4 

Let A= Bond Area = 2irRQ, (5.23) 

Then expanding equation (5.21) gives: - 
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[K]=AX (5.24) 

4kn, 0- -4kn, 0 2k12 0 -2kf1 0 -kn3 0 kn3 0 

0 4kt, 0 -4k. ß, 
1 0 2k4i 0 -2ktl 0 - -k43 0 kt3 

-4kn, 0 4kn, 0 1-2k h 0 2kn2 01 kn3 0 -k,,, 0 

0 -4k, 0 4kti1 0 -2k{t 0 2ktl 0 ko 0 -k{ 

tin, 0 -2k, 0 
11 

61c, 0 
-16kn2 

0 2k�3 0 -2kn3 0 

0 2kt, 0 -2k., l 0 16k4t 0 -16k,, 0 2k j3 0 -2k,, 3 

-2k, 0 2k 0 -16kns 0 16k, 0 
I-2kn3 

0 2kn3 0 

0 -2k{, 0 2kt, l 0 -16k+. i 0 16k' 0 -2k f; 0 2kt3 

-- -- -- -- r- -- -- -- -- L -- -- --- -- 
-k,,, 0 kA, 0 2k,,, 0 -tnt 0 4k, 3 0 -4k n3 0 

0 -k,, 0 k, 0 2k ft 0 -2kt2 10 4k43 0 -4k E3 

k,,, 0 -kn, 0 I- 2k n1 0 2k�2 0 1-4k13 0 4k�3 0 

0 kE, 0 -kE, 1 0 -2k 0 2k(21 0 -4k-k 3 0 4k. E3 

Symmetry is lost if k1 , k�Z k�; or k. z, # k{2 0 k{3 so the 

following solution has been used. 

Consider k�i = k�2 = k�3 = kr, and that the displacement u at all 

three node pairs are equal. The three pairs of nodal loads can be 

given by: - 

QII= K�. u 

Q1z = KZ, u (5.25) 

Q33= K33"u 

and the stiffness coefficients of equation (5.24) simplify to: - 

K� =K 33 = k�A (4 +2- 1) = pik� 
30 6 

K12 = k�A (2 +16t 2) = 2Ak� (5.26) 
30 3 
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As k,,,, k,,. z, k�3 may differ, an approximate solution is to use: - 

K� = Akne 
6 

K? 2 = 2Ak�Z - 
(5.27) 

3 

g; 3 = Ak, 3 
6 bý 

Shear stiffness coefficients are similar, but using kt instead of k,,. 

This enables differing values of k� and kt to be used on individual node 

pairs, but the effects of displacements on other node pairs cannot be 

accounted for in the final stiffness matrix which is given below:; 

[K7= = (5.28) 

I 

Kn 0 -K" 0 

0K0 -g� i 
00 

-K: 0 Kn 0 

tcII 

K0 -Kit 0 

t tI 0Ku0 -Kz 
0I0 

_K2 0K10 

0 -Kit 0K 1t I 

Q; 3 0 -K33 0 

Irf 

0I0 
10 K33 0 -K 33 

K33 0 K'3 0 

Itt 
0 -K 13 0K3 

This symmetric K- matrix is exact for the case of an even loading 

on all three node pairs and so any errors will tend to zero as the 

element size (i. e. length,. ) tends to zero. 
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If cose ip 1, then the K-matrix must be rotated to the global 

orientation as follows: 

Krrý = K"i 
, coste + X. . since 

for i=1 to 3 (5.29) 

TZ:; 
= Kt. , cos1B + K,,. sin'9 

Global Local 

It is in fact possible to use the correct stiffness matrix, 

equation (5.24), if k� and k, are not reduced when slipping or opening of 

the bond occurs (i. e. FAC1 = FAC2 = 1). This may be practical where 

fixing k� and kt does not greatly affect the number of iterations needed 

for convergence, or limit the slip on the failure bond. The bond 

" stresses vary quadratically along the length of the friction-gap element 

since they are proportional to the displacements. Using the correct 

isoparametric stiffness formulation would enhance this variation. Since 

the adjoining continuum elements only have a linear stress variation 

along their length, (being proportional to the internal strains), the 

forces between these different element types may not converge so easily 

with the correct stiffness matrix. The stiffness matrix of equation 

(5.28) is preferred therefore. 

Alternatively, the problem of unsymmetrical matrices can be solved 

by not having bond element stiffnesses at all, but modifying the global 

stiffness matrix instead (34), this has been mentioned in Section 5.1. 

5.5 Nodal Forces 

Nodal forces are defined in the global and local element axes by 

Figure 5.3. The force vectors are: 

Global force vector 4a }_{P, V, P, Vi "" PP V, 6 
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where P =force in the global Y-direction, 

and V= ,ý It 1, II ft 

Local force vector {Q }T_ {R, S, Rz S2 .... R6 S6} 

Consider nodal force Rz at node i. 

Let the relative displacement increment at point i= 1, and zero 

elsewhere. 
iL 

i. e. {ou°. } .1, 
{Du(r)} N, (r)x1 

, 
S{Au! }=0 

" .71 

By the Principal of Virtual Work, 

RAY I- 
fT 

. 
{c (r)} 

. 2idrx1 (5.30) 

.'. R [N] [N] 2nRdr (5.31 

Substituting the values for 
fi [N]T [N]dr, given by equation (5.22), 

I 

into equation (5.31), gives. - 

R, = -R 2= 
L35 0-t 

15 
15 -' 12 (5.32a) 

R3 = -R4= 
[15 

+ 
15 15 

GA] 2 (5.32b) 

RS = -R6 - L15 1 15 
071+ 

15 

]2 
(5.32c) 

where A= bond area = 21TRt 

Replacing R by 3 and by 't' gives the corresponding shear forces. 

Global forces are then given by: - 

PL -R; cose - SLsine (5.33a) 

VL = Rising - Stcos9 (5.33b) 

5.6 Surface Roughness of the Bond 

The friction-gap element in the form so far described, was applied 

to the analysis of a typical plain-pipe grouted connection with the 

sleeve loaded in compression and pile in tension. The mesh given in 
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Figure 4.4 was used, but without shear keys and the analysis immediately 

failed, giving a zero strength prediction. This was because the Poisson 

effects in the sleeve and pile caused them to radially expand and contract 

respectively. As a result, all bonds openad, making load transfer across 

the interface impossible. The actual test specimens did have strength and 
k 

so- a closer examination was needed to investigate its origin. 

There are two possible causes (or a combination of both) for this 

strength: (a) Adhesive bond strength, or (b) Surface roughness. If 

adhesion is the cause then all plain pipe connections will have the same 

adhesive bond strength. In fact there is a large variation in bond 

strengths, depending on the hoop stiffnesses of the connection tubulars 

and so the adhesive strength cannot be a significant factor. 

The surface roughness concept on the other hand, seems to be much 

more realistic since the steel tubulars are normally shot-blasted, giving 

them a rough finish. This has been done since early tests for the 

Forties field (1), which showed surface roughness to be an important 

factor. These tests showed that epoxy coated pipes, or smoothed steel 

pipes, are about eO% weaker than shot-blasted pipes. 

The failure mechanism on the steel/grout bond surface has to be 

visualised and defined for application to the friction-gap element. This 

mechanism is only imaginary as the actual failure process cannot be 

observed until the spacimen is cut open after testing, but the following 

information has come from the results of experiments. 

(a) Hoop Strains 

The Forties field tests included a strain-gauged plain pipe specimen. 

On this test, substantial circumferential strains remained after 
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unloading, from which the radial sleeve expansion and pile contraction 

have been calculated and presented in Table 5.1. The pile bond dilation 

appears to be less than on the sleeve, but this is not necessarily so, as 

the restraining action of the pile, which is twice as thick as the sleeve, 

will be much greater. 

In order to investigate this effect, a thin-shell analysis which is 

described in Appendix A, was carried out. Final slip failure normally 

takes place on the pile/grout bond and so the dilation effect may only 

take place on this bond. In Appendix A, various values of dilation um, 

are tried on the pile bond alone and on both bonds, in order to find out 

what values of urn will give the radial displacements in Table 5.1. The 

results of this analysis, given in Table 5.2, indicate that if equal 

dilation occurs on both bonds, then u, h= 0.065 mm gives a very close match 

to the experimental radial displacements. If dilation only occurs on the 

pile bond, then um needs to be approximately doubled to 0.135 mm in order 

to give the same radial displacements. 

It can be seen from Table 5.2 that the normal bond stress on the 

sleeve is substantially less than on the pile when dilation is limited to 

the pile. As the bond stress is limited by the size of O, this may 

result in slipping co=encing on the sleeve bond as well. Therefore, 

although the main slip'failure will be on the pile bond, a small slip 

causing some dilation is still likely on the sleeve bond. The probable 

value for u. is therefore between the two values obtained above and the 

mean value gives um = 0.10 mm. 

There is in fact a possible source of error in this reasoning. The 

mean radial displacements have been used, but there were in fact 
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Mean circumferential Pipe Radial expansion/ 

strain x 10-6 radius contraction 

Sleeve 150 343 mm 0.0514 mm 
Pile go 279 mm 0.0252 mm. 

TABLE 5.1. MEAN CIRCUM. ERE'^TTIAL STRAINS AND RADIAL DISPLACEMENTS 

IN A FAILED PLAIN-PIPE SPECIMEN AFTER C021PLETELY REMOVING THE AXIAL 

LOAD. 

Dilation Radial Displacements Normal Bond Stresses 

uM mm u9 us C u, mm 'Uns a-, 

N/mm1 N/mmL N/mmz 

For Dilation on BOTH Bonds: 

0.06 0.0115 0.0487 0.0232 1.14 1.27 1.20 

0.065 0.0124 0.0528 0.0251 1.23 1.37 1.30 

0.07 0.0134 0.0569 0.0271 1.33 1.48 1.40 

For Dilation on PILE Bond OT. Y: 

0.10 0.0562 0.0383. 0.0209 0.89 1.14 1.02 

0.135. 0.0758 0.0517 0.0283 1.21 1.54 1.38 

0.15 0.0843 0.0575 0.0314 1.34 1.72 1.53 

TABLE 5.2. PREDICTED RADIAL DISPLACE RITS FOR A GIVEN BOND 

DILATION, USING THIN SHELL ANALYSIS. 
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variations along the length of the connection. These may have been due 

to large axial stresses being retained in the cylinders as a result of 

the frictional bond stresses acting to prevent the release of these 

stresses on unloading. This would result in Poisson effects contributing 

to the radial displacements and so the true value of um should be less. 

It is concluded, therefore, that u, �< 0.1 mm. 

The permanent radial expansion can be easily explained as follows. 

Initially the grout is moulded onto the steel surface, but as soon as 

slipping begins, the surfaces must be forced apart so that the grout can 

traverse the protrusions of the shot-blasted steel surface. This 

separation will remain after the connection is unloaded, as it is 

impossible to return the grout surface to its original form and position. 

Similar tests were made on several Thistle field specimens which 

included shear keys (2). In these cases, the sleeve outer diameter was 

1549 mm and the residual strain about 3x 10-4, which gives a radial 

displacement of 0.23 mm. This is much larger than the Forties specimen 

and must be due to the effects of the shear keys, which would also tend 

to force the sleeve outwards. It is, therefore, not possible to directly 

measure the surface roughness dilation effect when shear keys are used. 

(b) Prestressing 

At Imperial College, London, experiments have been made to increase 

the strength of plain pipe grouted connections by prestressing the sleeve 

and pile. This can be achieved by several means, including filling the 

annulus between sleeve and pile with pressurised grout. The end result 

is a normal bond stress increased by about 4 N/mzn1 of prestress and this 

has the useful effect of increasing the bond strength fourfold. 
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As the bond strength is mainly frictional, it can be roughly 

assumed that the ultimate bond strength is proportional to the normal 

bond stress. 

ie a, - = a. FBu where a= constant, 

and = mean normal bond stress without prestress. 

For the case of prestress: - 
b. 

(aý1.4)=a. 4"F8u 

Therefore: a-,, +4=4. 

cr, = 4/3 = 1.33 N/mm' , gives the unprestressed , 

mean normal bond stress. 

Compared with the strain-gauged Forties field test reported in 

section (a) above, the Imperial College test uses a smaller diameter, 

(sleeve O. D. = 244 mm), and so the radial stiffness of the tubulars will 

be greater in this test. This will result in greater confinement of the 

grout and so o will also be greater. As the axial load is applied for 

this calculation , Poisson effects will exist, resulting in a 

reduction in a-,. 

On balance, therefore, the above effects will make o;, much__the same 

for both the loaded Imperial College test and the post-ultimate unloaded 

Forties field test. It is therefore possible to compare the value of vý 

obtained here with the values given in Table 5.2 for the Forties field 

geometry. This shows that for r,, =1.33 N/mart, the values of u, are 

exactly in agreement with those obtained from the Forties field test 

results and so the same conclusions on u,, can be reached. 

W Load-Slip Curves 

Figure 5.4 shows the typical load-slip behaviour for a plain-pipe 

grouted connection which can be explained as follows. 
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On reaching the load peak there is often a loud crack as the adhesion 

breaks. The peaks on the steel shot-blasted surface come out of the 

troughs in the corresponding grout surface and the steel slides freely. 

In doing so, the grout surface is partially smoothed and grooves are cut 

in the direction of slip. The load will fall, causing the bond to close 

and partially interlock again. 

On the next round of load increase, the bond resistance may increase, 

because the partially smoothed grout will result in a greater area of 

contact between steel and grout. This cyclical process of loading and 

slipping can be repeated until the grout surface is completely smooth. 

Once this happens, no further physical changes to the interface can take 

place and the ultimate load capacity is reached. 

Each time the interlock reforms after unloading, the dilation u,, will 

have increased slightly, until it reaches its final value um� when the 

bond is completely smooth. This process is described in three phases by 

means of magnified diagrams of the bond surface, (Figure 5.5). 

As the grout becomes totally smoothed, but the steel remains rough, 

the maximum dilation um, must approach half of the shot-blasted upstand. 

For a typical shot-blasted steel roughness of 0.08 mm, therefore, the 

value of ur, will be 0.04 mm. 

5.7 Dilation Function 

The importance of dilation on an interface has been noticed by other 

investigators, both with respect to rock mechanics and more recently, 

reinforced concrete (35,36,37). For this particular problem, the 

dilation u, must be expressed as some function of slip At. The rate of 

increase of u0. with slip must decrease in proportion to the roughness of 
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the grout at that instant, as the potential to smooth the surface is 

proportional to the existing roughness. 

Roughness = (u,, i-u, ) 

Therefore: äu4 -1 (U"-U, ) (5.34) 
of n 

where: n= constant 

On integration w. r. t. at, this gives: - 

ot/n U. = UM-e_ 

Therefore: it, = um(1- ueot/�) 
(5.35) 

A reasonable amount of roughness is needed even as slipping. commences 

to give adequate initial strength. The formula is modified to give 

u, = u, �/2 initially. 

Hence: 
ua =un, (l- 2eo1 ti") 5.36) 

in which n can be chosen to give ua approaching u, after a reasonable 

amount of slip. 

The condition n =1 gives ua= 0.997. un, after At =5 mm slip, which gives 

the most realistic results. Doubling n will double the slip needed for a 

given value of u0.. 

The hoop stiffnesses of the sleeve and pile restrains the bond 

dilation and results in an additional normal bond stress 6, , which is 

given by: - 

ýo = -ku4 , 
(5.37) 

Therefore: kr, (on-uQ) (5.38) 

5.8 Shear Connectors 

A shear connector causes large stress discontinuities in the sleeve 

or pile, where a large load is transferred by means of the weld bead 

I 
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keying into the grout. This can be represented on one end of a friction- 

gap element simply by adding additional stiffness ks., to the existing 

bond shear stiffness kt, at the node pair representing the shear key. 

From a typical load-slip curve for a shear-keyed grouted connection, 

(Figure 5.6) it can be judged that the overall shear key stiffness is 
k. 

less than for the surface bond. This is not surprising considering that 

the surface bond acts on a much greater area, (although the ultimate 

strength is of course much greater for the shear key). 

The slope of the curare shows approximately double stiffness, as the 
, 

slip is occurring on both the sleeve and pile bonds. Results from the 

P-series tests in the Department of Energy Programme (8), where h=2.03, 

s= 169mm, (h/s =0.012), show the value of k., to be fairly constant, in 

the range 25 - 35 N/mm3, However, this value is based on the overall 

behaviour which includes friction bond effects. It is likely that the 

frictional bond stress will gradually reduce as the keys tend to push the 

surfaces apart. Therefore, allowing for this weakening effect, the true 

value of k s, may be larger. 

It has already been mentioned in Chapter 4, that a detailed finite 

element analysis has been made around a pair of shear keys. Friction- 

gap elements were used around the shear keys, with zero dilation, as well 

as on the main steel/grout bonds. This enabled the grout to slide around 

the keys and force open the bond in a realistic manner. The results were 

very encouraging, as they indicated a value for ks<. of 37 N/mm , which 

appears to be realistic and is therefore the value used. It should also 

be noted that by varying the radial restraint on the sleeve, the value 

of ks, was unchanged, although the stress level at which crushing and 

cracking commenced was affected. This indicates that ks( is unaffected 
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by the radial stiffness of the tubulars, but that the ultimate load will 

vary according to the level of confinement of the grout, (see Section 7.1 

for detailed results). 

The shear key force per unit circumference V, is calculated as 

follows: - 

v. yxh. FF (5.39) 

where: 0- = stress under the shear key as a function of slip, At, 

and bond opening, An. 

he« = h-An = key height in contact with grout. 

The stress under the shear key cr , is defined by the shear key 

stress-slip curve, given in Figure 5.7. The gradient gives the 

tangential shear key stiffness k5c, which starts off at 37 N/mm3for low 

loads, but ultimately reduces to zero as the grout crushes. The term 

ua/an = CONF is used to account for the effects of variable grout 

confinement. 47hen the bond opening On, is small, the confinement is 

large, and a high a;,, is possible. This is reflected in the formula 

by dividing the slip by CONF before applying to the stress-slip curve 

and then multiplying the corresponding stress by CONF to give the true 

key stress. The higher the confinement pressure, the greater the load 

the grout can sustain; this is a characteristic property of concrete and 

grout materials and is discussed further in Chapter 6. 

A study of the key pressures at ultimate load obtained from the 

experimental results shows how more radially stiff connections have a 

higher factor at ultimate load. Table 5.3 shows the results 

of this study, where 6Kýyffý is calculated as follows: - 

G. Keti/f"l 
... 

(no. key pairs . h. rp . 2. -t 
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TEST Km h/s 

P1/2 0.0146 0.012 4.75 

P3/4 0.0106 it 3.62 

P5/6 0.0093 to 2.70 

P8 0.0131 it 4.25 

P9/10 0.0100 of 3.32 

P11/12 0.0088 It 2.68 

P13/14 0.0120 It 3.85 

P15/16 0.0095 3.18 

P17/18 0.0085 2.78 

P19/20 0.0121 " 3.84 

Q1/2 000105 5.31 
Q3/4 It 0.024 4.46 

Q5/6 If 0.032 3.44 
R1/2 0.006 7.11 

R3/4 0.018 3.76 

R5/6 0.0Q95 0.012 4.75 
R7/8 0.0125 It 5.21 

R9/10 0.0105 it 3.69 

TABLE 5.3. EFFECT OF Kn, AND h/s ON THE ULTIMATE 

SHEAR KEY STRESS, ; y. 
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gives the pressure on the shear keys assuming the entire load to be 

evenly distributed over all the keys and gives an estimate of the overall 

performance. The above equation neglects any frictional bond, which 

would make (r. Qy smaller, but at ultimate load the frictional bond stress 

is likely to be very small anyway. Table 5.3 also gives the stiffness 

factor K,, for each test, itch gives a measure of hoop stiffness and from 

this it can be seen that ,, 
%f, 

� is less for smaller Also, for the 

Q and R series, it can be seen that Cr., reduces with increasing h/s. This 

may be due to the higher bending stresses and larger bond openings 

associated with larger h/s and is discussed further in Section 7.3. 

Since the experimental results have shown the ultimate bond strength 

to be proportional to the square root of grout cube strength, it is 

probable that 450 x CONF, should be replaced by d, ý'y =af: . CONF, 

where a= constant. Therefore, when analysing a connection with cube 

strength other than 50 N/mml, the ultimate shear key stress should be 

oy= 450 ÖS. CONF (5.40) 

The penetration of the shear keys into the grout reduces as the bond 

tends to open, hence further reducing the load capacity. This is 

accounted for in the shear key force, equation (5.39), by htcc , which 

also reduces as the bond gap opens. A significant part of this reduction 

in hem can be attributed to the radial component of shear key force VR. 

The value of V. is expressed as a constant ratio of the axial key force, V. 

i. e. VR = /3, V where ß= constant (5.41) 

The value of ß will depend on . the shear key shape and is examined in 

more detail in Section 7.1. For hemispherical shape weld beads, the value 

of ß has been found to be 0.5 according to the detailed finite element 
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analysis and interestingly, Paslay also chose ß=0.5. 

It should be noted that the axial shear key load creates a small 

bending moment which is not included in the friction-gap element shear- 

key representation. The load V is applied at the node on the bond surface, 

but should be eccentric to this surface as the shear key is embedded in 

the grout, (Figure 5.8). Although it is possible to rectify this error, 

it was found that when sleeve stiffeners are used and the pile is of 

typical thicimess, the resulting bending stresses are too low to justify 

any correction. Even so, when exceptionally large shear keys are used, 

the moment arm will be greater and so errors could possibly occur. 

5.9 Typical Parameter Values 

The following values have been found to give good results generally, 

for all grouted connection problems analysed with the finite element 

method. 

u�, = 0.04 mm For shot-blasted steel tubulars. 

kt =5 N/mm3 In reality this factor should be much larger prior to 

slip, but for the purposes of the analysis this value 

has always proved reliable. 

k. = 50 N/mm3 In theory, increasing k� increases (r,, and the bond 

strength, but in practice, above 50 N/mrn3, there is 

very little strength increase. This is because the 

limited sleeve and pile stiffnesses cannot resist very 

large a and so there is no advantage in using larger k,,. 

IA = 3.0 This is the friction coefficient between shot-blasted 

steel and grout, which was determined experimentally 

(see Section 9.1). 
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M =V. x _V. (h- h Fr ) 

is the moment not 

accounted for. 

Node where the load is 

applied in the analysis. 

tual line of load 

1 )m 

FIGURE 5.8 LOADING ERROR RESULTING FROM THE SIMPLIFIED 

SHEAR KEY REPRESENTATION. 
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* The value of u be reduced by shrinkage �, may y 2. ge of the grout, which can 

significantly weaken the plain pipe bond strengths. As the grout shrinks 

the pile/grout bond will become compressed, but the sleeve/grout bond will 

open. This results in failure occurring on the sleeve bond. To account 

for this effect, the radial shrinkage on the sleeve bond &sk, must be 

estimated. Then the value of u, for the sleeve bond is reduced by Ssh . 

Also, the slip needed to reach the reduced um will be less and so n is 

reduced from 1.0 to 0.1. This will agree with the experimental results, 

where it is found that maximum load is achieved at a very small slip when 

shrinkage has occurred, (such as the B-series tests mentioned in Section 

9.2). 

5.10 Flow Chart for the Element Subroutine 

The processes described in the previous sections are brought together 

and carried out in logical order by the friction-gap element subroutine, 

which is described by the flow chart of Figure 5.9. The subroutine 

listing which is designed for use with the NONSAP programme is given in 

Appendix C. 

0 
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START 

E 

Stresses to be printed? 
Yes 

J, 
No 

CP-re-solution stage? 
Yes 

j, 
No 

N=n 

N=N+1 
NS=O 

H 
Calculate element length 1. 

and direction cosines case, s:,. e. 

NS =NS+1 
(Start of first load step? 

Yes 

INo 

Calculate relative displacements, 
on and At, from the nodal disps. 

Determine surface roughness 

u0. = u,., (1 
2e°. in 

Calculate normal bond stress due 
to dilation G= -uk� 

Yes 
On ßu4? 

No 

Open gap Gap closed or opening 
Q^ __ 6"'0 a nk 

1= 0 T=otkt 
kFk�/fac 2 ago)+c 
kt=kt/fac 2 es Y P 

No 

Slipping 

kE= k /fac 1 
No 

Node-pair with shear keys? 

A) (B 

Read, generate and save 
element information. 
Update global stiffness 
column heights and 
bandwidth. 

Initialize bond 

stresses and 
relative disps. 
to equal zero. 

FIGURE 5.9 FLOW-CHART OF THE PROCEDURES CARRIED OUT FOR Th 

FRICTION-GAP ELEMENT WITHIN THE PROGRAM NONSAP. 

F 
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A) (B 

hQ, =h-An 
CONF=uq An 
CONF < 1.5 

ZG = dtICONF 
Use ZC to find ks, and a-, ýy from the 
input data curve. 

Find axial shear key force 
Vz= vom Rh FC' R 

Stresses to be printed? 
Yes 

No 
No 

Three node-pairs? 

xes 

Calculate global Calculate global forces 
forces AREA =R,,.,,, t/30 
AREA=R,,,,, t/2 VA ='C c AREA 
VA=T- AREA PA = (O + Go )x AREA 
PA= ((s'., +Tno)-AREA V =PA. Sine-VA. Cose 
P, =Pz=-PA. Cosp- P=-PA. Cose-VA. Sin0 

VASn 
Node-pair with shear keys: 

V, = V1= PA. Sin0- 
VA. Cos& Yes 

Calculate and add global 
shear key forces 

V, =tVZ. Sin0 
V2 =tVZ. Cos0 

Radial key force 
VR =I Vz I -is 
V3 =t VR. CosO 
V4 =t VR . Sin& 

Nodal loads 

NS =1 NS=2 NS= 

P, =4P P, =2P P, =-P 

V4=4V V1=2V V, =-V 

P1=2P PZ=16P P, =2P 

V2=2V V,, =16V V1=2V 

P3=-P P3=2P P3=4P 

V3=-V V. 3= 2V V3=4V 

No 

Use P and V loads to I 

update the global load vector 

C 
FIGURE 5.9 Continued 

Gr 
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C 

Pre-iterative step? 
No 

Yes 

Calculate element stiffness 
contribution from this node- 
pair as follows 

No 
Three node-hairs? 

I Yes 

AREA = AREA x5 
IF(NS. EQ. 2) AREA =AREAK4 

SA= AREA-kn 
SB = AREA "k,. 

No 
Node-pair contains a shear key? 

Yes 

F _SB 
=SB+k«xR 

Vector of stiffness contributions 

S(1) =SA. Cos'B+SB. Sin'O 

S(3) = -S(1) 

S(5) = SB. Cos1O+SA. Sin26) 

S(7)= -3(5) 
S(8) =s(1) 
S(10)= S(5) 

Other coefficients equal zero. 

Add S to appropriate parts of the 

global stiffness matrix. 

D No NS =number of node-pair 

Yes 
No E N= number of elements? 

Yes 

FIGURE 5.9 Continued 
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FIGURE 5.9 Continued 
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CHAPTER 6 

CONSTITUTIVE LAW FOR THE MATERIAL BEHAVIOUR OF GROUT 

6.1 Pssical Properties of Grout 

The grout used in offshore construction is essentially a mixture of 

cement and water, as used in concrete, but without any sand or aggregate. 

For the purpose of the analyses conducted and reported in this thesis it 

is assumed that the behaviour of the two materials will be similar, with 

perhaps the exception of one detail. That is, when concrete cracks, 

substantial shear stresses can still be carried across the plane of that 

crack due to the roughness of the crack and interlock of the aggregate. 

In the case of grout, the crack surfaces are smooth and so no shear 

stiffness is transferred across the crack planes. It is extremely 

difficult to obtain experimental or analytical information about the 

nonlinear properties of grout. This is in complete contrast to the 

enormous amount of published Work on concrete. 

Kotsovos (39) attributes the nonlinear behaviour of concrete to be 

caused by the internal fracture processes occurring under increasing 

stress. As the stresses increase, microcracks extend and propagate in the 

direction of maximum principal compressive stress, thus reducing the high 

tensile stress concentrations which exist near crack tips and causing void 

formation within the body of the material, (Figure 6.1). 

The reduction of high tensile stress concentrations tends to. reduce 

the volume of the concrete (or grout), but on the other hand, the 

formation of voids will increase the volume. The combined effect tends 

to reduce volume at relatively low stress levels, but towards ultimate 
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Direction of crack II 

extension in direction 

of maximum principal 
compressive stress 

1 

Tensile stress concent- 
ration near tip of 
extended crack 

Void 

Pre-existing microcrack 
Tensile stress concentration 
near tip of pre-existing 
microcrack 

\ 

1 
1 
1 

Iý 

FIGURE 6.1 SCHEMATIC REPRESENTATION OF STRESS REDISTRIBUTION AND 

VOID FORMATION CAUSED BY CRACK EXTENSION. 
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stress, void formation predominates, increasing the material volume. 

The stress-strain behaviour of concrete has been summarised by Chen (40, 

41), and is illustrated in Figure 6.2. 

The stress-strain curve, as shown in Figure 6.2a, does not become 

nonlinear until the stress reaches about 60% of the ultimate load. Above 

this load, internal microcracking commences, which causes permanent 

deformation, similar to the permanent plastic deformation which occurs 

in metals. Beyond the ultimate load, the strain-softening characteristics 

are not well defined. In the case of the grout, which is fully confined 

by the steel tubulars, the stress may simply reach a plateau at ultimate 

load, as the grout material cannot be displaced to allow any load 

reduction. Unloading and reloading in the plastic range follows the 

initial elastic gradient which results in a permanent deformation when 

unloaded. The return to the elastic modulus occurs when the stresses 

are below their peak, hence being unable to induce further microcracks. 

As the microcracking is responsible for the plastic strains, the material 

must return to an elastic state until the stresses reach a new peak 

enabling cracks to spread. The tensile strength is invariably about one 

tenth of the compressive strength for urli. axial or biaxial tensile loading. 

The brittleness of the tensile failure does not necessarily mean that the 

16 

behaviour is linear up to fracture. A characteristic of a tensile type of 

failure in concrete is that the failure itself is abrupt with the 

development of one major crack and this pattern has been observed in grout 

as well. In the case of a compressive type of failure, several major 

cracks develop in concrete, but grout has been observed to pulverise to a 

fine powder. This must enable the grout to become mobilised at ultimate 

load, allowing it to relieve the stress concentrations. 
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FIGURE 6.2 TYPICAL STRESS-STRAIN CURVE FOR CONCRETE. 
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The true nature of concrete behaviour under triaxial compression is 

difficult to determine since it develops considerable strength and is 

difficult to load experimentally. Figure 6.2b shows how the strength 

increases under an increasing confinement pressure. Hydrostatic pressure 

is seen largely to increase both maximum stress and maximum strain 

during compression and the unstable strain softening portion gradually 

vanishes for increasing pressures. Since the grout is confined by the 

sleeve and pile, the hydrostatic pressure may rise and lead to an 

enhanced crushing strength under the shear keys. Therefore, it is 

important to include these properties in the constitutive model for the 

grout. 

6.2 Choice of Constitutive Model 

Most constitutive models for concrete (and grout) materials are 

two-dimensional, (plane stress). This makes them unsuitable to represent 

the three-dimensional nature of the grouted connection, where axial, 

radial and circumferential stresses are all of importance. Also, not all 

models include the volume increase near to peak stress, or the strength- 

ening caused by hydrostatic stress. 

A number of researchers (39,42,43,44) have found from experimental 

results that approximately unique relationships exist between octahedral 

normal stress (T, « ) and strain (Eoýý ), defined as 

= 1/3 
(6.1) 

Ebc. = IE/3 

where I, 
(6.2) 

I ,=E min 

are the first invariants of stress (I, ) and strain (I; ). 
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A second unique relationship exists between the octahedral shear 

stress (r, 
« 

) and strain ('Y,,, ), given by 

T, « = 12J,, 3 
(6.3) 

8J /3 

where JZ = 6;; 6; ý - I; ý6 

Ji = Ei iEir-I; /6 
(6.4) 

are the second invariants of deviatoric stress (J2) and strain (J2). 

Under triaxial compression, concrete can flow like a ductile 

material on the yield or failure surface before reaching its crushing 

strains. This fact has been used by Chen (40,45) to develop an elastic- 

plastic strain-hardening and fracture model for concrete. The yield and 

failure surfaces are functions of the first and second stress invariants, 

as previously described. 7b construct the stress-strain relation in the 

plastic range, normality of the plastic deformation rate vector to the 

yield surface is used, (i. e. the flow rule). The dependence of the yield 

function on the mean normal stress and the concept of flow rule lead, in 

general, to a plastic volume increase under pressure. This dilatency 

% 
near failure is a feature of concrete and other rock type materiale and 

the grout is assumed to be no exception, and to behave in the same way. 

Chen's concrete model'appears to take account of all the nonlinear 

features of the material in three-dimensions, and has been developed for 

use in finite element analysis (46). Input data includes the initial 

elastic material constants, which are known for the grout and compressive 

and tensile ultimate strengths of the material. These strength values 

govern the shape and size of the ultimate load surface. The available 

data should enable a good representation of the grout behaviour to be 

achieved, which is an advantage over some other material models that 
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require far more experimentally determined quantities. 

6.3 Chen's Elastic-Plastic Strain-Hardening Model 

6.3.1 Loading Surface 

The failure surface is defined in stress space such that once the 

stress state reaches this surface the material will either crack or crush. 

The initial yield surface is reached elastically and if unloading takes 

place within this surface, no permanent deformation occurs. If the grout 

is stressed beyond this initial yield surface, a new yield surface will be 

developed and microcracks will propagate in the grout resulting in 

irrecoverable deformation upon unloading. Unloading and reloading of the 

grout will not result in further permanent deformation until the new 

yield surface, called the loading surface, is reached. 

The failure surface is represented by two different functions for the 

compression region and the tension or tension-compression regions. These 

functions depend upon the first invariant of stress (I) and the second 

invariant of deviatoric stress (J, ), defined in equations (6.2,6.4). 

The failure functions are given by 

f (ý. )= J 
1+A_" 

= (6.5) 
12 12 3 

where the third term is positive for the compression region and negative 

for the tension or tension-compression regions. The initial yield 

function is similar to equation (6.5), but A,, and T,, are replaced by 

A, and T,. A,, A,, T, and T, are all constants, which are calculated 

from the material strength values as follows: 

I- fc AO __ 
f 
2fb - f, 

- 
(6.6a) 
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1t It 

Au _ 
fbr. - fý (6.6b) 
2fb, - fc' 

1_ fc fb, 2fe - fbw (6.7a) 
3 2fbC - f, ) 

f. fbý (2fß - fe, ) 
3(2fblc - fc) 

(6.7b) 

for the compression region and for the tension or tension-compression 

regions, the constants are 

A, _ (f, - ft)/2 

Au = (f' - ft )/2 

Tw = fý. ft 6 

(6.8a) 

(6.8b) 

(6.9a) 

(6.9b) 

In the above equations, f:, ft' and f, ', denote the ultimate strength 

of the grout under uniaxial compression, uniaxial tension and equal 

biaxial compression, respectively, while f,:, f., and f,,,., denote the 

initial yield strength of the grout under the corresponding loading. 

The subsequent loading surfaces are bounded by the initial yield and 

failure surfaces and their shapes are similar in form. The kinematics of 

' the loading surface are such that the loading surface translates along 

the axis and simultaneously expands in an isotropic manner. 

In other words, the loading function is a combination of kinematic hard- 

ening and isotropic hardening models used frequently in the theory of 

plasticity. The function can be expressed as 
z1 

f42 
2} 2+ 

3 (6.10) 

1-2 I, 

where the positive-negative term is positive for the compression region 

and negative for the tension or tension-compression regions. In order 

that the function should match the initial yield function when T= T, 9 
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or the failure function when T= T,,, the values of a and ee are given by 

a Ak Ao 
i (6.11) 

r 
_. '0 4O 

A. T. 

lµ - , 
Y; T (6.12) 

Equation (6.10) gives the loading surfaces, (Figure 6.3a), when 

plotted in octahedral shear and normal stress space. It can be seen that 

a high hydrostatic stress, represented by mat , makes failure more 

unlikely, unless the shear stresses, represented by Toct , are increased. 

This agrees well with the observed behaviour of concrete. 

Figure 6.3b shows a plot of the initial and ultimate yield surfaces, 

based on the properties used for grout. Also shown is a plot of the line 

Toct// +- Öoct =0 

This line is important since it separates the region where the tension- 

compression yield surface is most critical from the region where the 

compression yield surface is most critical. This line therefore gives 

the criteria for choosing the appropriate yield surface, thus: 

For tension region: 

ýocc >0 (6.13a) 

For tension-compression region: 

Tat/� c+ 6oct >_ 0 (6.13b) 

For compression region: 

Ji +- 6., <0 (6.13c) 

and 6ct <0 (6.13d) 

In the loading function, equation (6.10), the term (8/3)I, represents 

the fact that tensile strength is much less than compressive strength. 

The quantity (a/3)I, represents the kinematic translation of the 

subsequent loading surfaces. The denominator of equation (6.10) should 
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ZONES. 
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always be positive. This condition was found to be necessary in the 

analysis after large tensile stresses had caused the yield function to go 

negative, when in fact, the failure surface should have been reached. 

This was due to the denominator of equation (6.10) becoming negative and 

thereby giving the false impression that the material had returned to the 

elastic state. 

6.3.2 Stress-Strain Relations 

Denoting the general loading function by f(6;; ), the normality of the 

incremental plastic strain (dE!; ), to f(6;; ) requires that 

dE°; =G 
ä6 

df (6.14) 

where G is a scalar function depending upon the current state of stress 

and strain and the stress history. The elastic stress-strain relation 

gives 

döký = DKL, J dEe; = DkL;! (dc-;; - dEP; ) (6.15) 

Substituting equation (6.14) into equation (6.15) gives 

( of ) (6.16) 
" d6ýL = DKK;; dE; j -G ý6. df 

Using the relation 

df=of dý�ýn (6.17) 

and substituting from equation (6.16) gives 

df = 
of 

D,,,,, Ij 
(d¬ -G aß-. df) 

and collecting terms gives 

of of _ of df(1 + a6Dm"`' G a6. 
ý 

a6mDm"`j de;; 
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Therefore 

df =ä6,. 
D'""; ' de;; 

1+ äýýDMn;; G öý; 
Substituting equation (6.18) into equation (6.16) gives 

DRL; l 
af af 

d6K Dd L ,, 1 1 
E,, 

j 

i. e. d6KL =[ DKK;; - dX 4KL; ý 
] de;.; 

where dA =H i6ä6 a6ý, D"'"ýj a6, ß 

and kLi) -D 
of ar 45 mný; kLij a6.. ö6 D 

H_ 
df 

the work hardening rate dEýs dE, ý 

(6.18) 

(6.19) 

(6.20) 

(6.21) 

(6.22) 

(6.23) 

Equation (6.20) gives the basic form of the isotropic, plastic, 

strain hardening, incremental stress-strain relations from which the 

matrix constitutive relations are formed. These have been quoted else- 

where by Chen (46), for the three-dimensional, plane strain and plane 

stress states as well as the axisymmetric state used here. 

The strain-hardening rate (H) must be determined from experimental 

results. This is found by plotting Ji rainst 6Y for a given set of 

results. This data may include uniaxial, biaxial, or even triaxial 

results in order to get the best multiaxial representation. The plastic 

strain term (E') can be determined by subtracting the elastic strain 

components from the total strains. 

Then EP = EP1+ 6°2 + E3 

The gradient of the Ji against EP curve will be 

a if- = 
aöe 

ö EP OEP 
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where 6e == effective stress. 

But H= df/W and as 6' = f, 

of 
- 26 ä6Q e 

Therefore H= 
äße ä ýP 

=2 6Q 
a6 

i. e. H=2 aeH' (6.25) 

Equation (6.25) enables H to be specified for any stress state. The 

curve of 6Q against EP has been found to be fairly constant for different 

three-dimensional stress combinations and the curve in the compression 

region can be simply scaled down for the tension region curve. Since 

nonlinear stress-strain data are not available for the grout material, 

the same data will be used as for concrete. This should give a 

reasonable first approximation of the grout behaviour and errors should 

not be large, as the nonlinearities due to cracking and crushing are far 

more significant than the plastic strains. 

6,4 Post-Ultimate Behaviour 

6.4.1 Effects of Crushing or Cracking 

The grout around the shear connectors is likely to suffer high stress 

concentrations at critical points and small areas of cracking or crushing 

will occur long before the ultimate load is reached. It is necessary to 

include the post-ultimate behaviour of the grout therefore, if these 

effects are to be successfully simulated. 

Chen has included the theory of post-ultimate behaviour in some of 

his work (47,48). In Chen's work crushing indicates the complete rupture 

and disintegration of the material under compression type of stress 

states. After crushing, the current stresses reduce suddenly to zero and 
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the concrete is assumed to lose its resistance completely against further 

deformation. In the analysis now to be proposed, the trout is assumed to 

pulverise, but the stresses are held constant, rather than being reduced 

to zero, as the crushed grout is confined by the surrounding steel and 

grout and so it cannot release its stresses. 

Cracking is used to indicate a failure of the material across the 

plane of maximum principal tensile stress. Once a crack has formed, the 

tensile stress across the crack reduces suddenly to zero and the stiffness 

of the material normal to the crack direction becomes zero. Material 

parallel to the crack is assumed to carry stress, however, according to 

the biaxial or uniaxial conditions prevailing in that direction. Lip to 

three cracks can form perpendicular to each other, in the planes of the 

principal stresses. Obviously, if all three crecks occur, then the 

stresses and stiffness will all be reduced to zero. In Chen's work only 

two crack planes are allowed; the possibility of radial cracks caused by 

tensile circumferential stresses being ignored. He also assumes the 

behaviour of the sliced material between cracks to be linear-elastic. In 

the analysis to be used, the material between cracks follows the'same 

elastic-plastic constitutive laws as the uncracked material. Around the 

shear keys, it is sometimes found that after cracking the material will 

enter the compression zone, the crack may or may not close, but the 

remaining material often becomes plastic under compression and may later 

crush. Therefore, it is important to not simply treat the partially 

cracked material as elastic. 

Cracking or crushing failure criteria are largely governed by the 

failure surface described earlier. When the failure surface is reached. 
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crushing occurs if in the compression zone and cracking is initiated on 

the plane of maximum principal stress if in the tension or tension- 

compression region. Also, if any of the principal stresses exceed rN in 

the tension region, then a crack is formed. 

As the failure surface is a function of stress, all failures are 

governed by the current stress levels. Chen has also recognised the 

importance of strain in governing failure and has used experimental 

results to form appropriate strain-based failure criteria, in addition 

to the stress-based criteria. In the case of grout, experimental work 

is lacking in this field and so the failure criteria have been based on 

stress alone. 

6.4.2 Cracked Material 

The basic stress-strain relations may be expressed as follows: 

1cl, 
= 

RDRP{E}P (6.26) 

where the p suffix signifies the principal stress orientntion. In 

expanded form this gives 

6, Al Bl 0 Bl E 

62 Bl Al 0 Bl 6 
_ (6.27) 

'C, 2 00 Cl 0 'KR 

63 Bl Bl 0 Al Ea 
1 

where 63 = circumferential principal stress, and 

ýý61= principal stresses in the Y-Z plane at an angle 9 to 

the Y-axis. 

When the material is elastic and uncracked, the constants Al, B1 

and Cl are given by 
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v Al 
E 
i-v 

(1+ 
1 2v 

Bl -E 
v 

(1 +v) (1 - 2v) 
(6.28) 

_E 2(1+v) 

If one crack has occurred, then a biaxial stress state exists and 

the constants Al and B1 become 

Al 1E VI 
(6.29) 

Bl 
Ev 

1 -v 

Then, if say c', is the stress to be reduced to zero by cracking, the 

terms in row 1 and column 1 of the [D]P matrix are reduced by some 

specified factor, say 100, to make them approximately zero in relation to 

the other terms. Alternatively, if 62 was cracked, then the terms in row 

2 and column 2 would be reduced. C1 is also reduced if the cracks are due 

to or 62, but not if there is only a circumferential creck due to 63, 

as this does not affect the shear stress and stiffness. 

S 
If two cracks have occurred, then Al and Bi represent a uniaxial 

situation and become 

Al =E 
(6.30) 

B1 =V 

Before making the above modifications to the [D]P matrix for cracking, 

it will need modifying to the plastic [D] 
P matrix if the present loading 

surface is exceeded. 

3 Rotation to the Global Direction 

Having calculated the form of the [D]P matrix in the principal stress 

(or crack plane) orientation, it is necessary to rotate this mntrix back 
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to the global direction. This will enable the contribution to the global 

stiffness matrix to be calculated. The transformation matrix [R], used 

for this purpose is defined below 

[R] = c2 s1 sc 0 (6.31) 

s` ct -sc 0 

-2sc 2sc c'--, s1 0 where c coso , And 

0001s sing. 

[R] -I= 
ci s, -sc 0 (6.32) 

sl c2 sc 0 

2sc -2sc O -s' 0 

0001 

Then JEJp = [R] 1Efx (6.33) 

1ELx = CR]I1Eýp (6.34) 

where the x suffix signifies the global orientation. By the property of 

invariance of internal strain energy 

}'fr}= 
lE)x{6}z 

(6.35) 

Substituting equation (6.33) into equation (6.35) gives 

MX Tj6ýP 
= EýKý6 

therefore 
f} [R]T { c}P: (6.36) 

and similarly 
{cr} 
tt[w]' 

6} (6.37) 
Px 

Substituting equation (6.33) into equation (6.26) gives 

{6}p= [D] [R] N. (6.38) 

Substituting equation (6.37) into equation (6.38) and multiplying by 

[R]T 
gives 

{ci-}= [R] T[D] [R] {E}x (6.39) 

and hence, [D]X = [R]T ED]p[R] (6.40) 

Equation (6.40) gives the required incremental stiffness relntion in the 
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global orientation. 

When one of the principal stresses is reduced to zero by cracking, 

the global stresses are recalculated using equation (6.36). 

6.4.4 Crack Status 

A record of the crack status is needed in order to know which 

stresses and stiffnesses are to be reduced. A record of crack angle is 

also needed since this remnins constant from one lord step to the next, 

unless the crack closes. -Eight possible crack states are recorded by 

NUMCR for each Gauss Point of every element using the code given in 

Table 6.1. When a new increment of stress and strain has been added, it 

is necessary to recheck the crack status, as cracks may open or close. 

Figure 6.4 shows how NUMCRK calculates the new crack status for the 

current stresses. Alternatively, if it is known that another crack 

should open because the ultimate loading surface has been reached or one 

of the principal stresses has exceeded the tensile strength, then the new 

crack status is calculated using the procedure given in Figure 6.5. 

NUMCR 0 1 2 3 4 5 6 7 

Stresses No 
crý 6 6 6 

Fully 
reduced cracks 3 3 3 cracked 
to zero 6i ö; T, 

TAGE 6.1 CODE USED TO INDICATE CRACK STATUS. 

6.5 Computer Algorithm 

An outline of the numerical algorithm is given to show how the 

constitutive relations are incorporated into the finite element method. 
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START 

NUMCRK =0 

r. >i'rNo 

NNMCR =1,3,5, or ? 

and q0 

No 

iu 

No 

NTJMCR=2,3,6 or ? 

and a-1 >. Q 

No 

J No 

NII1+M>, 4 
and Q-. y>, 0 

No 

NUMCR = NUMCRK 

RETURN 

Yes 
NUXCRK =I 

Yes , -ý NUi^CRK =1 

Yes 
CRK=N IcRK+2 

I NtJ MCRI = NUMCRX +2 

Yes 
MTMCRK= NUT-ICRK +4 

NU14CRL = NUNCRK +4 

FIGURE 6.4 DETERMINATION OF THE NEW CRACK STATUS WIEN f <'C". 

NUDICR GIVES THE PREVIOUS CRACK STATUS, AND NDMCRK THE NEW 

CRACK STATUS. 
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Yes 

START 

NUMCR >. 4 

No 

I oop=0 

NUNCR=1 NUMCR= 2 

N 
a-_0 

Yes 

q>(3 

j 

es 

No 

NUDI CRK =5 Immun =6 

NUMCRK =3 

IHOOP =1 
No 

Yes 

NUDICRK =7 

INUMCR=31 

Yes 
jffICRJ 

MCR =3 
INtJMCR 

=0 NU 

NUMCRK = 71 1 NUMICR _ 

INWICRK =3 

mooP =1 
NO 

NtT1ý. CR$ =3 

Yes 

NUNCRK =7 

FIGURE 6.5 DETERMINATION OF NEW CRACK STATUS WHEN f>Z, L, 

REQUIRING AN ADDITIONAL CRACK. 
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4 

IPFL is a flag used-to record the status of the grout at the end of 

the previous load increment. Table 6.2 indicates the four possible 

states. 

IPEI 1 2 3 4" 

Grout 
Elastic Plastic Cracked Crushed 

state 

TAME 6.2 CODE USED TO INDICATE THE PHYSICAL STATE OF THE GROUT. 

The algorithm is divided up into a number of stages which are 

given below: - 

1. Let (N 
- 1) and N be the previous and current load increments 

respectively. The corresponding strain components are denoted by 

E". ý' and E'; and at the beginning of the Nth load increment, the 

incremental strains are calculated as 

(6.41) dE� = E; - E", ' 

2. (a) If IPEL = 1, it is assumed that the behaviour is still elastic and 

16 the trial stress increments are calculated from the elastic stress- 

strain law 

; d6} = [D]Q jd¬j (6.42) 

were [D]e is the elastic stress-strain matrix. 

(b) If IPEL = 2, move to step (4b), and preset the ratio R=0, as 

there is no elastic component of stress. 

(c) If IPEL = 3, then IdE is subdivided into ten subincrements and the 

cracked [D], matrix is calculated. The stress increments can then 

be found and further cracks formed if necessary on succeeding 

subincrements. 
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(d) If IPEL = 4, the stresses are held constant and the [D]e matrix is 

factored down by a suitable constant to make it effectively zero. 

3. Calculate the total stresses 

d (6.43) T. 

4. Check the current total stresses to determine whether the element 

has yielded. 

(a) If f( 6;; ) - Tt< 0, the element is under elastic loading. In this 

case, the elastic material matrix is used during the stiffness 

assemblage stage, and the incremental stresses calculated in 

equation (6.43) are correct. 

(b) If f(6;; ) - Tt> 0, the element is under plastic loading. Set 

IPEL = 2. In this case, the elastic portion of the stress 

increment is found by finding the stress needed to just meet the 

loading surface, as follows 

f(6; ", 
" + R. dQ;; )- "i' 0 (6.44) 

By substituting 6;, "" + R. d6;; for the stress in the loading 

function and setting this equal to 'C', a quadratic equation in R 

is formed. This is solved as follows, to find R which is the 

fraction of the stress increment in the elastic state. 

R -B± B AC (6.45) 
A 

where 

A= (do--;. da;; /2 - d6; ý1,,, 
/6) + n. d6 4, (6.46) 

,, 
/6) ++6 (ß +a T") d6" 

B= (6, "d 6; ý 
/2 - -d6. 

'L/6) IC= (6; ", ". ö;, "ý2 - 6ýý ý6) n. 6m + qmm (ß +a 1'') - Tt 
3 

n=0 in the compression region, and 

n= -1/3 in the tension or tension-compression regions. 
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Thus, the remaining portion of the incremental strain is 

de;; _ (1 
- R)d¬;; (6.47) 

To achieve better numerical accuracy, the plastic strain 

components (di;; ) are further divided into small subincrements 

and the elastic-plastic stress-strain matrix is formed according 

to equation (6.20) for each subincrement. Subsequently, the 

incremental stresses (d6".,; ) are calculated. 

5. At the end of the stress calculation stage, the stresses and strains 

in an element are updated to give 

a N+l _ 6, N + da;; (6.48) 

+ d6. 
ß 

These updated stresses and strains are then stored, along with IPEL, 

T, NUMCR and if cracked, the crack angle, ready for the start of the 

next load increment. 

6. Return to step (1) for the next load increment. 

Figure 6.6 is a flow diagram of the above procedure. 

6.6 Material Parameter Values 

Only three basic material parameterd need to be input into the 

computational procedure and these are the initial elastic Young's Modulus 

and Poisson's Ratio, and the uniaxial compressive strength. The 

.) 
is obtained from the cube strength results. A compressive strength (fcl 

typical value is fI = 50 N/mini and will be the standard value used 

throughout these tests. 

Young's Modulus and Poisson's Ratio have been measured in the elastic 

range for this particular grout type. The reported results (19) show the 

moduli to increase with cube strength and so suitable values corresponding 
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START 

B 
Crushed Yes 

IPEL = 4? 

No 

Calculate incremental strains 

IPEL = 3? Yes Cracked A 
No 

Calculate elastic stress increments 
and total stresses. 
Determine material constants in 
compression or tension-compression 
region. 

Check loading condition 
Elastic 

Plastic 
Set scaling Yes IPII_ 2? Elastic stress- 
factor, R=0I- strain relations 

No 
Se t- IPEL = 2. 

No, Determine the scaling factor R, to 
bring stresses onto the yield surface 

Subdivide plastic strains 
IRepeat 

for each strain subincrement 

Determine Form elastic-plastic 
work-hardening stress-strain relations 

Calculate plastic stress components, Calculate the 

update total stresses and update the : Principal stresses, 
yield stress -r, due to work-hardening crack most tensile 

I stress, set T ='t. 

B 
Crushed Check for ultimate Cracked 
IPEL =4 loading condition IPM= 3 

BeloI ultimate 
A 

Last strain subinrement? 
No 

Yea 

C 

FIGURE 6.6 FLOW DIAGRAM MR TEE COMPUTER PROGRAM USED 

TO INCREMENTALLY CALCULATE THE STRESSES AND STRESS-STRAIN 

RELATIONS OF GROUT FOR GIVEN INCREMENTAL STRAINS. 
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B) cC 

Check for Principal\ Yea 
tensile stress > 't,,, 

-o E9AOOO 
jNo 

p 

Fu_ pdate stresses, strains, Crack most tensile 
IPEL, 'r, NUMCR and ANGLE. stress. Set T =T. . 

Yes 
End of load step? 

jNo 

Print stresses Yes Calculate 
< =During 

if requested assembly stage. [DI-matrix] 

RETURN 

IPEL = 3, cracked state 

Subdivide strain increments 

Form elastic [Dl-matrix; 3-D, 2-D or 
l-D according to number of cracks. 
If plastic, modify the [D] -matrix 
accordingly. Also modify [D]-matrix 
for the latest crack state. 

Calculate the stress increments and 
update the total stresses. Calculate 
the stresses in the crack planes. 
Check the crack status using the latest 
stresses. If rF > 'tw, set T =T, and 
crack the most tensile stress. 

Check for crushing failure Crushed B 

Not crushed 

Calculate the global stresses 
according to the latest crack 
status. 

Last strain subincrement? 
No 

es 

D 

Figure 6.6 continued. 
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to f, c = 50 N/mm1 have been chosen. These are Ey = 1.2 x 104 N/mint and 

ýy = 0.25. 

Tensile and biaxial compressive strengths are assumed to be a 

constant factor of f. 1, (Table 6.3). These factors relate to concrete 

properties but should be similar for grout. The yield strengths are all 

taken to be 60% of their ultimate values. 

The relationship between equivalent stress and plastic strain, which 

is needed for the calculation of the work-hardening modulus, is input as 

a series of coordinates, the values of which are given in Figure 6.7 for 

the compression region. If in the tension or tension-compression regions 

the equivalent stress is much smaller than that in the compression region, 

then the equivalent stress is multiplied by T; °"P/ t; `" in order to make 

it compatible. 

f 
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Quantity Relation Value (N/mat) 

f" 50.0 

ftc 1.16 ff 58.0 

0.09 f: 4.5 

0.60 f4 30.0 

fb, 0.60 f;, 34.8 

ft 0.60 f, ' 2.7 

Quantity 
Value 

Ten/Comp Comp/Comp 

TO 3.67 N/mms 14.88 N/mm' 

T. 6.12 " 24.80 " 

A, 13.65 " 7.85 

A,. 22.75 " 13.09 " 

a 0.3794 mm"N 0.0133 mm'/N 

A 8.54 N/mmoý 4.9025 N/mni 

TAEI. 6.3 MATERIAL CONSTANTS DERIVED FROM THE 

CUBE CRUSHING STBENGTR ( fl ) OF THE GROUT. 
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Equivalent 

stress, 

Ff / f: 

o. 

o. 

. 003) 

o. 

o. 

o. 

o. 

Equivalent strain, EP 

FIGURE 6.7 COORDINATES FOR THE EQUIVALENT STRESS-STRAIN CURVE. 
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CHAPTER 7 

RESULTS OF THE FINITE ELEMENT ANALYSES 

7.1 Detailed Shear Key Analysis 

7.1.1 The Finite Element ! odes 

The basic finite element mesh used to study the behaviour around a 

single pair of shear keys was given in Figure 4.5 and the arrangement of 

elements around the pile key (the sleeve key is similar) is shown in more 

detail in Figure 7.1. The lower side of the pile key is represented by a 

coarser element arrangement as the grout/key interface will open up on 

this side, leading to zero bond stresses. Therefore, no friction-gap 

elements are needed on the lower face. On the top face, however, the key 

bears against the grout causing high compressive stresses. In order to 

obtain a reasonably accurate representation of the key/grout interaction, 

four two-node-pair friction-gap elements are used to model the upper side 

of the shear key. Four three-node triangular constant strain elements 

are used for the top sector of the shear key. These elements can only 

provide an approximation of the large rates of change of stress in this 

area, but have nevertheless proved useful in the following analysis. 

The friction-gap elements are given the following properties as the 

weld beads which form the shear keys are smooth. 

k n= 50 N/mm3 k, =5 N/mm 

/ý-0.4 u, =0 

For the friction-gap elements on the main sleeve/trout and pile/grout 

interfaces, the properties are 

k, = 50 N/ mm' kt =5 N/m ni 
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Friction-Gap Element Properties 

Element Nos. µ u4mm) 

1 to 4 0.4 0.0 

5,6,10 3.0 0.05 

3.0 0.05 
7 to 9 OR 0.2 0.10 

OR 0.2 0.24 

KEY 

Friction-Gap 

element no. 

FIGURE 7.1 FINITE MT ARRANGEMENT AIM BOND PROPERTIES AROUND 

T} PILE SHEAR KEY. 
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µ=3.0 um = 0.04 mm 

n=1.0 FAC1 = FAC2 =1 

The grout material around the shear keys is simulated using the 

Chen model described in Chapter 6. The sleeve is fixed at one end and 

a tensile load applied to, the pile at the same end (Figure 4.5). 

Typical results, showing the propagation of cracks from the sleeve 

shear key, are given in Figure 7.2. In this case, um = 0.1 mm for 

friction-gap elements 7 to 9 above the pile key, which provides 

additional dilation and prevents the initiation of cracks from the pile. 

The failure load was very low, about 12 kN/radian on the sleeve shear 

key, with a total pile load of 37 kN/radian. Failure is caused by the 

diagonal crack bridging the gap between the two shear keys, which then 

opens allowing the pile to slip free. In a more realistic length of 

grouted connection this failure would not happen so easily since there 

would be a greater area of bond friction to resist the crack opening. 

It is worth noting that shear keys near the end of a grouted connection 

may have little value as they will fail in this way. Figure 7.3a shows 

the failure mechanism and Figure 7.3b shows additional restraints 

applied radially to the sleeve and axially to the grout top in order to 

resist early failure. This also prevents slip on the sleeve/grout bond 

and so only the pile key can now be considered. 

Figure 7.4 gives the results of this analysis, showing the build up 

of the effective stress (a, ), as defined in Chapter 6, during strain- 

hardening. The grout eventually crushes above the shear key. This 

effectively limits the ultimate key load to 24.5 di/radian, which would 

appear to be low. Experimentally, tests P9/10 had the same radial 

geometry and key sizes as used for this analysis and so can be used to 
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Load Step 18 

V =12 kN/rad 

FIGURE 7.2 CRACK PATTERN PRODUCED AROUND TEE SLEEVE KEY. 

u, � 0.1 mm ABOVE THE PILE M. 
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P 

Bond fails oy 
short length. 

Fixed sleeve 

Loaded pile slips free 

Open gap 

FIGURE 7.3a BASIC FAILURE MECHANISM WHEN SEAR KEYS ARE CLOSE TO 

THE END OF THE CONNECTION. 

P 

Sleeve radially -j 
restrained 

Grout top restrained 
to prevent failure 
as in Fig. 7.3a. 

Pile 

FIGURE 7.3b ADDITIONAL RESTRAINTS USED TO PREVENT FAILURE BEING 

CAUSED BY THE SHORT LENGTH OF GROUT. SLIP IS CONFINED TO THE 

PILE/GROUT BOND. 
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Load step 42 Load step 48 

Load step 60 

PC 

2 

c 

8 

S. 1 ßc., 1 
PS I 

As the key limits slip, tensile stresses build up and cause cracking. 

Load step 78 V =24.5 kN/rad 
mlin -1 97 mm V -17_d lrN/rpti 

KEY 

Numbers give the Effective Stress 
at the Gauss Points. 

Pt=ten/comp zone Grout in 
P, =comp zone plastic state 

Crushed 

---ý Cracks 

Y41 
3.8 

pcz 

"ý tA 17"$ 2Ö $ 24.6 247 

16. E Pc 

I7.6 
5a F, 

T 
As crushing begins, the compressive zone spreads around the key: 

FIGURE 7.4 BUILD UP OF STRESSES AROUND THE PILE KEY WHEN THE SLEEVE 

AND GROUT TOP ARE RESTRAINED. u,,, = 0.05 mm ON THE MAIN BOND SURFACES. 

ý. e ý, 
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compare the key loads. These tests gave a load per shear key of 90 kN/ 

radian, but this includes any bond friction occurring between the keys. 

Even if half the load is taken by bond friction, this would leave 45 kN/ 

radian as a maximum key load, which is nearly double the load achieved 

in the analysis. A possible reason for this discrepancy is the short 

length of the connection analysed. It is known that for connections with 

an i/dp < 2, the strength is significantly reduced and as the analysis 

used an t/d, of only 0.12, this could fully explain the weakening. 

Another possibility relates to what happens when the grout begins to 

crush. Specimens cut open and examined after failure have shown that 

the crushed grout, which is a fine powder, flows into the gap between 

the grout and the pile, (as the bond will have opened). This results in 

increased confinement of the grout above the shear key and so a higher 

stress will be required in the grout before further crushing takes place. 

Hence, the ultimate key load will be significantly higher than that needed 

for the initial crush. 

This kind of phenomena has also been observed in experimental and 

analytical work on pull-out strengths of form-fit anchors in concrete 

(49). The form-fit anchor is subject to a local compressive failure at a 

relatively low load where the form bears against the concrete, just like 

a shear connector. This represents the ultimate load in the finite' 

element analysis, but because the failed concrete remains partly confined, 

the anchor can still take substantially greater loads by means of 

frictional bond, acting in the same way as an expansion anchor fastening. 

To simulate the effect of the crushed grout filling the gap on the 

bond surface, in the case of the shear keys, the value of um can be 

increased on the compressed side of the shear keys. Specimens examined 

after failure showed this layer of crushed grout to be about 0.2 mm thick 
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and so a value of u,, = 0.24 mm is used. Here, u, includes the standard 

roughness of 0.04 mm. This increased roughness is applied to friction- 

gap elements 7 to 9 in Figure 7.1. The coefficient of friction is 

reduced to 0.2 on these elements to prevent the high normal bond stresses 

allowing excessive shear bond stresses. 

The results of this analysis (Figure 7.5) give a maximum key load 

increased to 28.2 kN/radian. Figure 7.6 shows the principal stresses and 

their directions above the pile key at ultimate load for both u,,, - 0.05 mm 

and 0.24 mm above the pile key. From this figure, it can be seen that 

increasing u, increases the radial grout stress, which in turn allows a 

greater axial stress before crushing occurs. It is also noted that just 

above the key, the radial stress suddenly reduces because the grout is 

slipping around the shear key. This significantly limits the grout 

confinement above the shear key and must limit the ultimate load. It is 

possible that if the shear keys were roughened, there may be less 

movement, resulting in.; greater strength. It may also be possible to 

increase the grout confinement by increasing the surface roughness of 

the tubulars either side of the shear keys, which would increase the 

dilation effect when slip occurs. 

7.1.2 Loads on the Shear Keys 

The loads on a shear key are calculated from the bond stresses given 

by the friction-gap elements around she key. Figure 7.7 shows the 

stresses applied to the shear key and from this the axial key load V, can 

be calculated as follows: 
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Load step 18 

First cracks 

p{ ý 
38 

I4. y X6.6 
Pý 

i6. o 
', "I 

-PS! 
LO o 

Load step 54 

is. o 
17"Z 11-S 

X68 11.4 23.924. E 
1$"o 
ý P` 

24.2 
24. S 

"ý\6 2ý"0 

P. 

Load step 48 

\", -/ 
16 

.1 
I&8 \ 

ý5"S 17"% 214 
ý6g P 

23 9 
+,, 4 9 Iq"S 24"1 

21.1 
15. E 

Load step 60 

P{ 

Load step 66 

V =28.2 kN/rad 

VR=13.4 kN/rad 

Slip= 0.48 mm 
FIGUI 7.5 EFFECTIVE STRESSES (c 

AROUND THE PILE KEY WHEN u,, 0.24 mm 

ABOVE THE KEY. 

º5.6 15.7 

pt 
µ, 4. ßg"9 n"3 

ý9"ý zß. 4 24.5 24: 8 
zß, 7 P e 

23ý 
i9"o 

Pt 4.7 

PIL 
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Load step 78, V =24.5 kN/rad, um=0.05 mm 

11+s2.7 \I 
_z6.6I 

-9.3 -2 -24" .. 5.4 -34.5- g 

\ 

-ý '6-ßz"3 
\\\\ I+ý9 

i -7g-33.6 

KEY 

-9-3 -24-- Yz 

YZ. 

All stresses in N/mm': 

1 -i3 \ 

-ýy 8-3'9 
\ -62_26 5 

Load step 66, V= 28.2 kN/rad, u, ti= 0.24 mm 

\ _-14: 3 
-A I -33-" ý 

-5 67 

io y -i -2.7-4-3 -433 
.4 _io. 

I 
17-5 

\ 
5 

\ \ \\\ 
-9 8 43 
-2T"2 

79'6-34.5 

ý\ 
_ý 

FIGURE 7.6 PRINCIPAL STRESSES AROUND THE SHEAR KEY AT ULTIMATE LOAD. 
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` 
ýi 

5° 

i =1 to 4, give the mean bond stresses 

for each of the four friction-gap elements. 

FIGURE 7.7 STRESSES APPLIED TO THE SHEAR M. 
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V/rad ={ , cos 11.25° + (,,, cos 33.75° + a; 3cos 56.25° + a, -4cos 78.75° 

}. T sin 11.25° +- T1sin 33.75° -- 1'3sin 56.25° -I- ; sin 78.75° }tR 

where .t=2. h. sin 11.25°, (7.1) 

h= key upstand and 

R= mean radius, i. e. inner'sleeve radius less h/2, or 

outer pile radius plus h/2. 

The radial force on the shear key VR, is given by 

VR/rad = 6ý, sin 11.25° + sin 33.75° + ö, sin 56.25° + d4sin 78.75° 

- 'cos 11.25° - 'rcos 33.75° - Tacos 56.25° - 'cos 78.75°'} R 

(7.2) 

The ratio of radial key force to axial key forces, used in the 

friction-gap element data, is then given by 

P=VR/V (7.3) 

Values of V, VR andß have been calculated for cases with and 

without the sleeve radially restrained, with various values of um and 

at different load levels. All the results give 0=0.5, so this is the 

value used for the friction-gap element shear key data. 

A plot of V against bond slip is shown in Figure 7.8, from whirl it 

can be seen that the shear key stiffness k5 , represented by the gradient 

of the line, remains constant over the given load range for any particular 

key shape. The shear key stiffness can therefore be calculated as 

follows: 
k s. 

V/rad (7.4) 
sý = R. h. At 

Typical results for the pile key give 

_ 
28.2 x 103 = 38.9 N/nm3 

ks` 255 x 2.03 x 1.4 

All. the results approximate to this value, justifying the initial value 

of kx= 37 N/mm3 used in the friction-gap element shear key data. ' 
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For square or triangular shape shear keys, the stiffness is slightly 

larger or slightly smaller, respectively. 

Figure 7.9 plots the bond stresses around the pile key for various 

analyses and load levels. From this, it can be seen that the stress 

distribution remains about constant, justifying the constant ratio between 

axial and radial shear key forces. 

The normal bond stress, although falling off rapidly away from the 

pile, is still sufficient to make the radial key force large. This must 

have a substantial weakening effect since it tends to open the bond and 

reduce the grout confinement. A square shape shear key may be beneficial 

as this would eliminate the radial component of normal bond stress. Other 

key shapes are examined in detail in Section 7.1.4. 

7.1.3 Bending Effects in the Grout 

It is interesting to study the radial displacements in the connection 

as a whole since these govern the normal bond stresses and follow a 

distinctive pattern shown schematically in Figure 7.10a. The large 

radial movements at the ends of the grout can be explained by considering 

the forces on the grout, which are given in Figure 7.10b. The key forces 

(V) and bond stresses (r) exert an anticlockwise bending moment on the 

grout with a moment arm equal to the grout annulus thickness (t9). Apart 

from the radial key forces (VR), the only other forces able to counter 

this bending moment are due to the normal bond stresses (v�) above the 

sleeve key and below the pile key. The radial displacements in Figure 

7.10a are necessary in order to make c large enough to balance the 

anticlockwise bending moment. As the moment arm associated with VR is 

only equal to ty in this particular orientation of shear keys and as'VR 
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is only half the magnitude of V, the size of the normal bond stress must 

become very large as the key force grows. This is especially so with 

such a short connection because the moment arm for 6� is very small and 

there must be a limit to how large a� can be before the grout crushes. 

This explains why such short connections are so weak. 

One factor that will 1i=it the ultimate size of the radial load 

created by the normal bond stress is the void which forms behind the 

shear key when slipping and crushing occurs. This void is on the same 

side of the shear key as the normal bond stress and so the length over 

Which 6� can act will be reduced by the growing length of the void. 

7.1.4 Square and Triangular Section Shear Keys 

The analysis is easily extended to include square and triangular 

shape shear keys by adjusting the coordinates of the nodes on the shear 

key surface. Only the pile key shape is changed because the sleeve and 

grout top are restrained. The bond surface roughness is set at 0.05 mm 

for comparison with previous analyses. 

For a triangular key shape, the analysis did not proceed very far 

before becoming unstable. This may be due to an unstable situation 

arising around the sharp corner of the shear key as the slip increases. 

Figure 7.11 shows the effective stress contours around the key when 

V=6.23 kN/radian. At this load level the grout is still acting 

linearly. The bond stresses on the shear key surface are virtually 

constant over the whole width of the key and the values of p and kS, have 

been calculated as 

ß=0.83 k s, = 33 r/mrna 

The radial key force is therefore quite large and would be expected for 
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this shape of key. This will result in a greater bond opening action than 

for the normal hemispherical key shape, leading to lower grout confinement 

and hence to a lower crushing load on the shear keys. 

The results of the analysis on a square shape pile key are shown in 

Figure 7.12. A maximum key load of 12.94 kN/radian is reached before the 

analysis becomes unstable, but as the grout has not yet crushed at this 

load level, it is possible that substantially greater loads could be 

achieved in reality. The instability in the analysis at higher loads is 

probably due to the high stresses and crack propagation around the sharp 

corner of the key. The results show a second plane of cracks close to the 

corner of the key, which is caused by the grout trying to slip past the 

key. In the final load step, a second crack in this second plane occurs, 

which results in some earlier cracks in the main crack plane closing. 

This second plane of cracks will leave a wedge shape of grout above the 

pile key as cracking propagates with the wedge boundary formed by the 

crack plane. The main body of grout will then be able to slide over this 

wedge, easing its passage past the shear key. Tests with hemispherical 

shape keys have been cut open after failing, revealing these wedges of 

grout still attached to the shear keys after removal of the grout annulus. 

The computer did not show these effects when hemispherical keys were used 

since the loads reached were not great enough to cause this phenomena to 

occur. - 

The bond stresses for square keys are dominated by a large normal bond 

stress distributed evenly across the flat key surface. Calculations of 

the key parameters give the following: 

R=0.006 to 0.04 k,, = 44 N/mm3 

The bond opening should be low, as the radial key force is insignificant 
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leading to high grout confinement and a high shear key crushing load. It 

may therefore be possible to produce stronger grouted connections by using 

square shape shear keys. This agrees with the findings of the square punch 

tests reported by Paslay, where high key loads were achieved. This has 

been reported in Chapter 3. 

The radial shear key force has been shown in Section 7.1.3 to play a 

part in balancing the beading moments in the grout. As this force varies 

with key shape, the distribution of normal bond stresses must also differ 

in order to maintain equilibrium. Figure 7.13 shows the normal bond 

stress distribution along the pile/grout bond for all three key shapes. 

It can be seen that for a square shape key, the value of 6� rises 

dramatically on the compressive side of the key, compensating for the 

lack of a radial key force. This will result in a high radial compression 

of the grout above the shear key, which in turn will raise the threshold 

for crushing. This again indicates that square shear keys should produce 

the highest bond strengths. In Section 7.3 the effects of key shape on a 

whole length grouted connection are investigated. 
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7.2 Plain Pipe Grouted Connections 

Laboratory tested plain pipe grouted connections can be simulated 

by finite elements using a mesh similar to that shown in Figure 4.4, but 

without the shear keys or stiffeners. 

7.2.1 The Basic Test Case 

It was found in early s alyses that it is unnecessary to use a 

nonlinear grout model as the stress concentrations in the grout are too 

low to cause nonlinear behaviour with the Chen model. The following 

linear-elastic grout properties are used: E9 = 1.2 a 104 N/me and 

vy = 0.25, which are appropriate for a cube strength of about 50 N/mm2. 

Other values, such as E9 = 0.41 x 10 N/mmt and v9 = 0.12, corresponding 

to a cube strength of 15 N/mm1, have been tried. However, changing the 

values of the grout material parameters had virtually no effect on the 

results of the analysis, which seems surprising as the bond strength 

should be proportional to the square root of cube strength. It would 

seem that the slip behaviour of the friction-gap elements govern the 

overall performance of the connection, and so it may be necessary to 

alter the bond properties of these elements when a lower cube strength 

is required. For example, the value of u,, could be reduced as the 

weaker grout would not be able to produce such a large dilation effect. 

The bond properties used by the friction-gap elements in this 

analysis are 

11 = 3.0 k� = 50 N/mm' 

um = 0.04 mm 1st =5 N/mI3 

n=1.0 c=0 

FAC1 = FAC2 = 2.0 
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The MIN series of tests in the Department of Energy Programme (8) 

gave the only plain pipe geometry for which there are a large number of 

results and so this has been chosen for the analysis. Two other geometries 

with increased and reduced tubular thicknesses are also investigated and 

the dimensions are given in Table 7.1. 

Figure 7.14 shows a plot of the normalised bond stress against total 

slip for the standard M test obtained from finite element analysis 

results. Superimposed on this graph are the experimental results from 

several tests with the same geometry. It can be seen that there is a 

certain amount of scatter in the experimental results, but this can be 

largely attributed to the variation in age of the grout. The computer 

results predict the strength for 31-day grout and it can be seen that 

this is in reasonable agreement with the experimental results when 

corrected for age using the factors of Table 2.3. 

7.2.2 Effect of Varying the Tubular Thicknesses 

Computer results for the extra-thick and extra-thin tubular specimens 

are plotted in Figure 7.15 with the standard M case for comparison. The 

ultimate load is considered to be reached when the slip on one surface 

exceeds 5 mm , and has been previously described in Chapter 4. The finite 

element ultimate loads are compared against the experimental results and 

bond formulae in Table 7.2, where the good agreement between these various 

predictions is evident. 

Figure 7.15 also shows this close agreement with the bond formulae 

and in addition, it is shown that the bond strength is approximately 

proportional to the sum of the sleeve and pile thicknesses. This effect 

can only be shown when the sleeve and pile radii are approximately constant 

since these also influence the bond strength and this is described in 
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TEST Sleeve Pile 

r t r t 

Standard U 254 6 228.6 19.05 

Extra thick 268 20 228.6 36.00 

Extra thin 252 4 228.6 12.70 

TABLE 7.1. DI'.. 5; ̂i SIO: NS OF PLAIN-PIPE SP ECIMENSq IN MILLIMETRES. 

1/dp = 2.0 FOR ALL TESTS, AND NO STIFFENERS ARE USED. 

TEST BOND STRMTGTH, FBu 

Experimental Finite Bond New Bond 

element formula formula 

Standard 14 1.10 0.98 0,87 1.09 
Extra thick - 2.08 2.18 1.95 

Extra thin - 0.72 0.63 0.82 

* See Chapter 8. 

TABLE 7.2 COMPARISONS BETWEEN VARIOUS BOND STRENGTH PREDICTIONS 

FOR PLAIN PIPE CONINrECTIO: NS. 

Type Loading 

arrangement 

laz load 

radian 

Failure 

bond 

F8� 

F6 ten/comp 

Standard M ten/coop 22.5 t Sleeve 1.0 & Pile 

ten/ten 50.5 t Pile 2.24 

comp/comp 24.0 t Sleeve 1.07 

Extra thick ten/comp 48.0 t Pile 1.0 

11 11 ten/ten 74.0 t Pile 1.54 

TABLE 7.3. RESULTS OF THE FINITE ELEN`. IT ANALYSES VIITH DIFFERENT 

LOADING ARRA? IG AE NTS. 

/ 
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Chapter 8. 

It is interesting to note the variations in mode of failure predicted 

for the three geometries. For the specimen with extra-thick tubulars, 

failure is by slip on the pile bond. This is logical since the contact 

area is smaller on this bond and hence the bond stresses will be larger. 

The specimen with extra-thin tLbuiars on the other hand, fails on the 

sleeve bond. This is because the sleeve is thin enough to cause a 

relatively large radial expansion, which reduces the normal bond stress 

on the sleeve bond and results in a lower bond strength. The sleeve and 

pile need to be thick enough to enable large normal bond stresses to 

exist when dilation occurs on the interface for large bond shear stresses 

to be achieved. The standard M case is intermediate between the two 

extremes of geometry and shows slip to occur simultaneously on both bonds. 

As a result, ultimate load is achieved at a slightly greater slip in 

this case. 

7.2.3 Bond Stresses 

The development of the shear bond stresses (r), under increasing 

axial load are shown in Figure 7.16. It can be seen that the bond stress 

distribution begins to change at approximately half the ultimate load, 

as maximum friction is attained at the loaded end of the connection and 

gradually spreads to the other end. The frictional limit reduces towards 

the loaded end as Poisson effects are larger here and by expanding 

radially, the value of d� is reduced, which in turn limits T. 

At either end of the connection, the bond stress pattern is distorted 

by end effects (as previously described in Section' 7.1.2). In order to 

balance the bending moments in the grout, it is necessary to generate 

large normal bond stresses on opposite ends of the sleeve and pile, 
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which is the reason for the irregularities in the bond stress patterns 

at the ends of the connection. The size of these bending moments will 

increase proportionately with length of connection, due to increased 

load, but the distortions to the 6� distribution will not increase, as 

the moment arm used by E� is also proportional to the length of the 

connection. End restraints -w-i-11 induce s: a71 bending moments in the 

ends of the tubulars, which will also influence the bond stress 

distributions at the connection ends to some extent. 

Figure 7.17 shows the shear bond stresses at ultimate load for the 

grouted connections with extra-thick and extra-thin tubulars. This 

shows how the frictional limit increases for connections with thicker 

tubulars, due to greater confinement. 

7.2.4 Effect of l/d, 

The length of the grouted connection can be increased by the addition 

of more elements and analysed to find the effect of (/dr on ultimate bond 

strength. Figure 7.18 shows the computed results. There is no reduction 

in F81 for l/d, < 2, but the reduction when t/d. >2 appears realistic. 

This reduction is less rapid for more radially stiff connections and can 

be explained by inspecting the bond stresses at ultimate load, given in 

Figure 7.19. For the standard M geometry, with e/dr = 2, the normal bond 

stress (c) is reduced to nearly zero at the loaded end by the Poisson 

effects. Therefore, when l/dr is increased to 3 or 4, the extra length 

of connection will carry very little bond stress due to 6� being so low. 

Hence, the mean bond stress is reduced as t/dp increases. 

For the more radially stiff connection, also shown in Figure 7.19 

for t/dp = 4, the axial load needed to make the Poisson effects large 
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enough to reduce 6� to zero becomes much larger. Only when t1de = 4, 

will maximum load reduce Q� to zero at the loaded end. Therefore, the 

rate of reduction in F8i with e/d, will be less than for a"connection 

with more flexible tubulars. 

7.2.5 Alternative Loadi_. z conditions 

Up to now, the sleeve has been loaded in compression and the pile in 

tension, as this arrangement is considered to give the weakest bond 

strength (due to Poisson effects). Further analyses have been made with 

the pile and sleeve both loaded in compression or both in tension in 

order to verify this assumption. The results are summarised in Table 7.3. 

It can be seen from these results that compression loading gives a slight 

strength increase, and tension loading a very considerable strength 

increase. This is because the sleeve is substantially thinner than the 

pile and when the sleeve is in tension the Poisson effects cause it to 

shrink enough to significantly increase the normal bond stress. 

Figure 7.20 shows the bond stresses under these alternative loading 

conditions at maximum load. 

With thicker tubulars the variation of bond strength with loading 

arrangement is less since Poisson effects are less for the thicker 

tubulars. For other geometries it is possible for the compression 

loading arrangement to be strongest. This was found to be the case with 

the S-series tests carried out by %impey Laboratories (10). In this case, 

the pile was almost as thin as the sleeve and the overall diameter was 

quite small, making the radial stiffness of the sleeve almost as great as 

that of the pile. The sleeve has the greater radial stiffness when the 

sleeve stiffeners are taken into consideration. As a result, the pile 
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radial expansion under compression loading was enough to make the bond 

strength 5Crp greater than under tension loading. So the effect of 

alternative loading arrangements depends greatly on the geometry of the 

connection. 

-198- 



7.3 Grouted Connections with Shear Revs 

7.3.1 Shear Key Properties 

The finite element mesh is again based on that shown in Figure 4.4. 

The shear keys are evenly spaced so that all elements can be the same 

thickness thus allowing data generation to be used. This results in a 

slightly smaller value for the key spacing (s) since the end shear keys 

are further from the end of the connection. Errors caused by this slight 

shift in the positions of the shear keys appear to be negligible. One 

particular connection geometry was analysed using the correct spacing 

and produced the same results as the approximate spacing. 

Bond properties are the same as those used for the plain pipe 

connections, but with the addition of shear keys, some extra parameters 

have to be specified using the values calculated in the detailed shear 

key analysis (Section 7.1). The value of the shear key force ratio (ß) 

is 0.5 and the data for the shear key stiffness curve are given in 

Figure 5.7. 

7.3.2 Effect of Tubular Stiffness Variation 

Three experimentally tested geometries from the Department of Energy 

Programme (8) have been chosen for analysis. From the dimensions of these 

given in Table 7.4, it can be seen that a wide range of tubular 

thicknesses has been selected. The hoop stiffness is low for tests 

P17/18, high for tests PI/ 2, and mid-range for tests P9/10. 

Figures 7.21a, b, c show the bond stress plotted against slip for the 

three geometries and compare the finite element results with the test 

results. The experimental specimens were cured for 22 days before 

testing and so the results should be divided by 1.04 to give F6�31 (see 

Table 2.3) for a true comparison with the numerical analysis. 
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SLEEVE PILE 
TEST as is ciP tp 

P1/2 574.75 8.0 508.0 25.4 
P9/10 569.0 5.0 508.0 16.0 
P17/18 566.93 4.0 508.0 12.7 

TABLE 7.4. SPECIMEN DIM iSIONNS, IN HILLI2IETtRES. 

For all cases, 1/d =2, h=2.03 mm, s= 152.4 mm 
(s= 169 mm in the experiment). 

TEST BORD STRENGTH, FBU31 

Experimental Finite Bond New Bond 

Element Formula Formula 

P1/2 2.56 2.40 2.77 2.03 

P9/10 1.80 1.93 1.90 1.70 
P17/18 1.63 1.75 1.61 1.56 

* See Ch apter 8. 

TABLE 7.5. COMPARISONS BETWEEN VARIOUS BOND STRENGTH 

PREDICTIONS FOR K=E CONNECTIONS. 
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It can be seen that for all three geometries, reasonably close agreement 

is achieved between theory and experiment. 

Table 7.5'compares the finite element and experimental ultimate bond 

strengths with the bond formulae predictions. Even more extreme 

variations in the cylinder thicknesses without stiffeners have been 

analysed. These results were reported in Chapter 3, where they are 

compared with Paslay's results. 

7.3.3 Bond Stresses and Failure Mode 

For the P-series tests mentioned above, final failure is caused by 

crushing of the grout around the pile shear keys. This is normally the 

case as the shorter circumference on the pile results in higher shear key 

stresses. The actual loads per unit circumference reached on the shear 

keys at ultimate load vary according to position along the length of the 

connection and with sleeve/pile thickness. This is because variations 

in radial displacements result in different effective shear key heights 

and grout confinement levels. Values reached in the finite element 

analyses were as follows. For P17/18, V= 222 to 253 N/mm, for P9/10, 

V= 234 to 274 N/mm, and for P1/2, V= 272 to 315 N/mm. 

Figure 7.22 shows the bond stresses and shear key loads per unit 

circumference at various stages in the loading process for the P9/100 

test. At low loads, the key forces, including the radial components are 

low and so a smooth distribution of frictional bond stresses exists as 

the frictional limit has not yet been reached. The key forces build up 

more and more rapidly as the loads increase. The radial key forces open 

the 
_bond 

thus reducing the frictional bond stresses in the vicinity of 

the shear keys. Initially, the pile key stresses are larger than those 

on the sleeve and this is due to the shorter circumference. 
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FIGURE 7.22 BOND STRESS DISTRIBUTIONS AND SHEAR KEY LOADS FOR THE P9/10 

GEOMETRY UNDER INCREASING APPLIED LOAD. 
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Load =40 t/rad 
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FIGURE 7.22 Continued 
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FIGURE 7.22 Continued 
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The sleeve key stresses then become greater because for these geometries 

where the sleeve is thinner than the pile, the sleeve bond reaches 

limiting friction sooner than the pile and the sleeve keys have to take 

additional loads. 

Eventually the loads become large enough for Poisson effects to reduce 

the pile bond stresses to zero, (except at the ends) and then the pile key 

stresses again become greatest. Finally, the stresses exerted by the pile 

keys on the grout cause the grout to crush, making it impossible to 

sustain higher loads. 

Results for the P1/2 and P17/18 analyses were very similar, although 

at ultimate load there were still some frictional bond stresses between 

the keys on the stiffer P1/2 geometry. 

7.3.4 Effect of t/d9 

The effect on bond strength of varying . (/dr was analysed with the 

sleeve in compression and pile in tension. The results, which are 

plotted in Figure 7.23, show that {/dp has less effect on bond strength 

when shear keys are used, (the plain pipe results, plotted in Figure 7.18, 

showed a greater effect). This is because shear key loads are less 

sensitive to radial movements of the tubulars than the frictional bond 

stresses. The maximum key loads achieved per unit circumference on the 

pile were as follows. For L/dr = 1, V= 266 to 308 N/mm, for t/dp = 2, 

V= 239 to 274 N/mm and for 1/d. = 3, V= 222 to 365 N/mm. The 

The exceptionally high load of 365 N/mm for £/d,. =3 is due to a tenth 

key being placed on the extreme unloaded end of the pile. Had only nine 

keys-been used, then the bond strength for Vd? =3 would have been 

slightly less. By the time all ten pile keys are crushing, four sleeve 
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FIGURE 7.23 EFFECT OF C/dfON BOND STRENGTH FOR CONNECTIONS 

WIm SHEAR KEYS, PRODICTED BY THE FINITE ELEMENT ANALYSIS. 
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keys are also crushing at the loaded end where Poisson effects are 

greatest. The loads on these sleeve keys vary from V= 199 to 203 N/mm, 

Although not all the sleeve keys are crushing, the load they can sustain 

is less than for the pile keys, due to the greater radial movement on the 

sleeve bond. 

7.3.5 Varying h and s 

In order to study the effects of varying h and s, the P9/10 geometry 

was again chosen. . 
Also, a number of experimental results (8) are based 

on this case. Any magnitude of shear key height (h) can be chosen for 

the analysis and the spacing (s) can be 1/3 or 2/3 of the spacing used 

in the P9/10 analysis. 

Table 7.6 gives the results of these analyses, as well as the 

corresponding bond formulae predictions for comparison. Unfortunately 

it is not possible to make direct comparisons with the experimental 

results as the values of h and a differ. However, by plotting bond 

strength against h/s (Figure 7.24), it is possible to see the trends of 

the various predictive methods and to compare against the experimental 

results which are also plotted. It-can be seen that the current bond 

formula tends to over-estimate the bond strength at high h/s and both 

bond formulae continue to show a linear increase in bond strength with 

h/s. The finite element results are interesting as the bond strength 

appears to level off for hig h, whilst a low spacing s, continues to 

show strength increases. The experimental results would appear to agree 

with this trend as the R-series results, for which h is varied, fall 

slightly below the Q-series results, where s is varied. 
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h s h/s 
Feua1 

Exptl. Finite Bond New Bond 

Element Formula Formula 

2.03 152.4 0.012 1.80 1.93 1.90 1.70 

10.15 152.4 0.060 - 3.51 6.44 4.52 

5.075 152.4 0.030 - 2.70 3.60 2.75 
2.03 101.6 0.018 - 2.32 2.46 2.05 

2.03 50.8 0.036 - 3.58 4.17 3.11 

TABLE 7.6. BOND STR `IGTH PREDICTIONS MADE BY FINITE ELE TT ANALYSIS 

AND BOND FORMULAE FOR VARIOUS VALUES OF h AND s. 

Vm« N/mm s mm 

274 152 

247 105 
210 51 

TABLE 7.7. EFFECT OF KEY SPACING, s, ON WI M KEY LOAD. 

! nm 
S1ip/CONF (mm) 

ý - CO NP Square Hemisphere Triangle 

(N/mm'') Key Key Key 

296 6.7 8.0 9.0 
420 12.6 15.0 16.8 

450 15.1 18.0 20.2 

TABLE 7.8. SHEAR KEY STRESS-SLIP DATA FOR VARIOUS KEY SHAPES. 
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Wlien a higher shear key upstand is used, the shear key load V, is also 

increased due to the larger contact area between key and grout, giving an 

increased bond strength. However, the radial key force VR, will also 

increase, further opening the steel/grout bond. This tends to cause 

particular problems at the ends of the connection where, as previously 

described in Section 7.1.3, it is necessary to generate a large ar� to 

balance the bending moments in the grout. If the radial key force is 

large and the shear key close to the end of the connection, it may not be 

possible to generate the normal-bond stress and the grout cracks, 

(Figure 7.25). In order to maintain equilibrium without a,,, the shear 

key loads redistribute between keys, concentrating loads at the ends 

where C. should be generated. This results in increased values of V 

at the ends to compensate for zero a-,,. However, as the shear key loads 

are no longer so evenly distributed, the keys carrying the peak loads 

will soon reach the point of crushing, which will then rapidly spread to 

the other keys. This is possibly the main reason why there is a limit 

to the maximum bond strength with increasing h. Figure 7.26 shows how 

the distribution of key loads change under increasing applied load, for 

h= 10.15 mm, given by the finite element analysis. The stress under the 

shear key at which crushing commences also falls with increasing h 

because the correspondingly increased radial key forces result in a 

larger bond opening and hence, reduced confinement of the grout. 

It has been previously mentioned that increasing the shear key height 

above a certain size results in no additional bond strength. It may be 

possible to overcome this limitation by restricting the use of shear keys 

with-increased upstand to the centre portion of the grouted connection. 

The smaller shear keys (or plain sections) at the ends of the connection 
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a^ 
ýýrý. 

--------- 

(a)Small shear key, low VR, and lx, -, is generated. 

Gap too 1 
to general Grout 

-------- -ý 
cracks 

V 

(b)Large shear key, high Vo and large bond opening. 

FIGURE 7.25 EFFECT OF A LARGE SHEAR KEY AT THE END OF A 

GROUTED CONNECTION ON THE NORMAL BOND STRESS. 
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Axial 
load 

V (NIMM) (t/rad) 

600 
-__ ý} 100 

500 `'ý----------+-----a---- 

400 -'-- 
_ 

300 -__ 

200 50 

1004 SLEEVE KEYS 

0 
E--' Loaded end Free end 

V (Nl=) 
, x+100 

600 

500 - 

400 -ý--- 

__ 
'+75 

_+---- 300-, 

50 

1001 PILE KEYS 

0 
< Loaded end Free end -ý 

FIGURE 7.26 SHEAR KEY LOADS PER UNIT CIRCU11FERENCE (V) UNDER 

INCREASING APPLIED LOA. D, FOR SEEAR KEYS WITH AN UPSTAND OF 

h=10.15 sm. (h/s=0.06) 
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will then produce lower radial key forces and so the normal bond stresses 

will still be generated to balance the bending moments in the grout. 

Another possibility would be to have wedge-shape ends on the sleeve and 

pile such as those shown in Figure 7.27. These would act like triangular 

shape shear keys, which have a high ß ratio, so that VR would be large, 

making a-,, unnecessary. This technique would not be practical on pile- 

sleeve connections since the section of pile coinciding with the grout 

annulus cannot be predetermined. However, for grouted repair work, such 

techniques may be useful. 

For shear keys of fixed upstand but reduced spacing, the ultimate 

bond strength is greater than for keys of high h, but the same h/s ratio, 

because the value of VR does not increase. However, as the keys become 

closer, the next key along tends to influence the bond opening and grout 

confinement. Therefore, the key crushing load will slowly reduce with 

reduced spacing and there will eventually be an upper limit on bond 

strength with increasing h/s. Table 7.7 shows the reduction in maximum 

key load with falling s at a distance of 100 to 150 mm from the unloaded 

end of the connection (where Poisson effects are small), given by the 

finite element analysis. 

7.3.6 Alternative Loading Conditions 

The analysis of the P9/10 geo=etry was repeated with the pile and 

sleeve both loaded in tension or compression. Results indicated that 

the compression loading was strongest with Fg� = 2.28 and for tension 

loading Fa� = 2.22. (The standard tension-compression case gave 

Fe� = 1.93). 
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Slip 

FIGURE 7.27 WEDGE-SHAPED ENDS 14AY ENHANCE THE STRElNGTH OF 

CONNECTIONS WITH LARGE SHEAR KEYS. LOM)S ON THE GROUT ARE 

INDICATED. 
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For compression loading, the sleeve keys crush with V= 236 to 311 

N/mm. On the pile, V= 61 to 69 N/mm, which is very small because the 

bond stresses remain high on the pile bond. The sleeve bond on the other 

hand opens completely, which is why the sleeve key loads are so high. 

For the tension loading, the reverse situation arises, with the pile 

keys crushing. V= 236 to 324 N/mn on the pile and V- 44 to 84 N/mm on 

the sleeve. Figures 7.28 and 7.29 give plots of the bond stresses at 

ultimate load for these two loading arrangements. 

These alternative loading conditions have less effect on ultimate 

load when shear keys are used. For these conditions the shear key 

ultimate crushing loads are less sensitive to Poisson effects than plain 

pipe frictional bond stresses. (For comparison, see the plain pipe 

results in Section 7.2.5). 

The tests reported by Wimpey Laboratories (10) for connections with 

split sleeves show tension loading to be stronger than compression 

loading, which contradicts the above findings. In fact, the differences 

can be easily accounted for by the split-sleeves. The circumferential 

stiffness of the sleeve will be less in tension than in compression, 

because the joint will open under tension. When the sleeve is axially 

loaded in compression, Poisson effects cause a tensile hoop stress and 

the radial bond opening will be increased by the relatively low tensile 

stiffness of the joint. The compression loading strength will therefore 

be lower with split-sleeves. 

Another situation which has been studied involves the transfer of 

load onto the sleeve at a number of points along the sleeve's axis, 

rather than end loading. This would more accurately represent the method 
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Load =65 t/rad (maximum) 

- -o- -a- Load= 40 t/rad 

311 
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Shear keys crushing 
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257 

16.4 4 o- - 

420420 
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FIGURE 7.28 BOND STRESSES AND SEEAR KEY LOADS AT ULTIMATE LOAD UNDER 

COIPRESSION LOADING FOR THE P9/10 GEOMETRY. 

/ 

-219- 



Load =63.3 t/rad (maximum) 

P (N/mm) 
y 
236 
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Pile bond 

Shear keys crushing 
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21.7 
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T (N/m& ) 

FIGURE 7.29 BOND STRESSES AND SE1AR KEY LOADS AT ULTIMATE LOAD UNDER 

TENSION LOADING FOR TEE P9/10 GEOMETRY. 
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of transferring load from a jacket leg to the sleeve. 

To analyse this situation, the sleeve nodes were restrained axially 

at every second shear key location (that is, at three locations for the 

P9/10 geometry). The analysis was repeated with axial and radial restraints 

at these three points in order to represent the high radial stiffness 

adjacent to the structure which transfers the load to the sleeve. 

Compression loading was used for both of these cases. 

The bond stresses and shear key loads at ultimate load are plotted in 

Figures 7.30 and 7.31 and can be compared with the results for compression . 

end-loading given in Figure 7.28. It can be seen that with the three axial 

restraints, the bond stresses on the sleeve remain fairly high over the 

whole length of the connection. This is because one third of the axial 

load is removed at each of the three fixed points and so the Poisson 

effects are limited and do not become larger towards one end. 

The analysis did not reach ultimate load. When the load was increased 

to 41 t/radian, convergence was not achieved in 35 iterations and so the 

analysis was terminated. At this load, the sleeve bond suddenly opens 

over the whole length of the connection, creating too many state changes 

for the analysis to deal with, and thus convergence is not achieved. The 

problem arises because the bond stresses are of almost constant magnitude 

over the whole length of the sleeve bond and so the whole bond will 

simultaneously reach the point of slipping and opening. 

When the sleeve is restrained radially as well as axially at the 

three levels, then the bond stresses become significantly higher due to 

the radial restraints. The ultimate load was 125 t/radian, which is 

nearly double the strength of an end-loaded connection. Failure was by 

crushing around the pile shear keys. 
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FIGURE 7.30 BOND STRESSES AND SHEAR KEY LOADS FOR P9/10 UNDER 

COMPRESSION LOADING AND RESTRAINED AXIALLY AT POINTS A, B, C AND D. 
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Load =125 t/rad (maxima 
Loaded end 

FIGURE 7.31 BOND STRESSES AND SHEAR KEY LOADS FOR P9/10 UNDER COMPRESSION 

LOADING AND RESTRAINED AXIALLY AND RADIALLY AT POINTS A, B, C AND D. 

-223- 

64206420 
(N/mm2 



This analysis shows that bond strengths can be greatly increased when 

a thin sleeve is used by the addition of hoop stiffeners around the sleeve 

to resist radial displacements. These stiffeners should be arranged to 

coincide with the shear keys in order to provide maximum resistance against 

the radial key forces. 

7.3.7 Effect of Removing the Stiffeners 

In reality, the sleeve would buckle or yield without some stiffening 

at ultimate load, but as the steel is treated as linear-elastic in the 

analysis, it is possible to remove the longitudinal stiffeners to see what 

effect they have on the bond strength. This is of interest since 

connections are not generally stiffened. 

The effect of removing the stiffeners is achieved in the analysis by 

reducing the thickness of the plane stress elements which represent the 

stiffeners from 12.414 mm to 0.1 mm, which is considered to be 

insignificant. 

Using the P9/10 geometry and tension-compression loading, a bond 

strength of FB� . 1.30 was produced, which is only 67% of the strength 

of a stiffened connection. Failure was by crushing around the sleeve 

shear keys, whereas for the stiffened connection crushing occurs around 

the pile shear keys. This is because the axial stresses in the sleeve 

are approximately doubled by removing the stiffeners, which results in a 

doubling of the Poisson effects. This causes reduced confinement of the 

grout under the sleeve shear keys and leads to crushing at. a relatively 

low shear key load. The ultimate shear key loads on the sleeve were 

V= 144 to 189 N/mm, whilst the loads on the pile keys, which did not 

crush were V= 164 to 186 N/mm. 
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Figure 7.32 shows the unstiffened bond stresses and key loads which can 

be compared with the corresponding stiffened values in Figure 7.22. Note 

that at this load level, bond stresses are not completely reduced to 

zero. Bond stresses remain on the sleeve opposite the pile keys due to 

the effects of V. on the pile key radially expanding the grout. 

Similarly, pile bond stresses are influenced by the sleeve shear keys. 

The effect of stiffeners on ultimate bond strength can therefore be 

quite significant and adequate allowance for this effect should be made 

when using laboratory test results from-stiffened connections. 

The bond formulae also predict a bond strength reduction when 

stiffeners are removed, but not to the same extent as the finite element 

analysis. The new bond formula (Chapter 8), gives a bond strength of 

Feu = 1.41 without stiffeners, which is 83% of the stiffened strength 

and the standard bond strength formula gives a strength 93% of the 

stiffened value. 

.8 Scale Effects 

In order to investigate the effects of a change in scale on the bond 

strength, the P9/10 analysis was repeated with all the coordinate 

dimensions doubled. The shear key height was also doubled to 4.06 mm, 

and the plane stress stiffener elements doubled in thickness to 

24.828 mm. The surface roughness of the steel is not affected by scale 

and so u,,, = 0.04 mm as before. 

For the same bond strength, the double size specimen should have a 

quadrupled load capacity. The load capacity predicted by the finite 

element analysis was 160 tonnes/radian, which gives Feu = 1.40. 

-225- 



Load =40 t/rad (maximum) 

y 
189 

175 

163 

Sleeve bond 

Shear keys crushing 

Slip= 7 mm 

155 

148 

144 

181 

186 

210210 
r (N/mm' ) 
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This is 73% of the bond strength at the standard scale. Failure was by 

crushing around the pile shear keys, although the sleeve shear keys were 

also close to failing. Maximum pile shear key loads were V= 339 to 403 

N/mm and sleeve key loads were V= 326 to 387 N/mm. Bond stresses were 

reduced to zero except at the extreme ends'of the connection. Figure 8.2 

gives a plot of bond strength against scale, where it is seen that the bond 

formula of Chapter 8 also predicts a reduction in bond strength of the 

same order of magnitude. 

Slip at maximum load7was about twelve millimetres and was identical to 

the previous smaller scale P9/10 analysis. This suggests that slip at 

ultimate load is unaffected by scale and this agrees with the conclusions 

of Section 2.15. 

Many laboratory tests are made at a reduced scale and so an allowance 

should be made for a lower bond strength in the full size case. 

Figure 8.2 suggests that the error will be greater for smaller scale 

models. 

7.3.9 Other Key Shapes 

In Section 7.1.4 a detailed analysis of square and triangular- shape 

shear keys was carried out. From this analysis, parameters were derived 

which can be used in the present study to represent square or triangular 

shaped shear keys on the P9/Z0 geometry. The values of p used are 0.04 

and 0.83 for square and triangular shapes respectively. Values of slip 

for the shear key stress-slip curve are increased or reduced in accordance 

with the larger or smaller value of ksc derived in Section 7.1.4, so that 

the initial value of ksc given by the curve will be correct. The values 

used are given in Table 7.8. 
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Results for the triangular shear keys give an ultimate bond strength 

of F60 = 1.51, which is 7& of the strength for hemispherical weld bead 

shear keys. Failure was by crushing around the sleeve shear keys, with 

V= 166 to 197 N/mm, whilst the pile shear key loads were only 32 to 48 

N/mm, as bond friction remained high on the pile bond. With hemispherical 

shear keys, failure is on the pile bond, but with such high radial key 

forces, the triangular keys cause the sleeve bond to open sufficiently for 

the grout to crush around the sleeve shear keys in the first instance. 

For square shape shear keys, the analysis gives an ultimate bond 

strength of FBV = 3.37, which is 75% stronger than for the standard weld 

bead keys. Failure was by crushing around the pile shear keys, with 

ultimate key loads of V= 304 to 917 N/mm. The 917 N/mm only occurred 

on the top key, away from the loaded end, where radial confinement is high 

due to end effects. Although the sleeve keys did not crush, they 

ultimately carried higher loads than the pile keys at the loaded end. 

This would not have been possible without stiffeners on the sleeve, which 

reduce the Poisson effects. 

Figures 7.33 and 7.34 show the bond stress distributions and shear key 

loads at ultimate load, which differ considerably from the results for 

hemispherical shape shear keys shown in Figure 7.22. 

It can be concluded that square shape shear keys should be the most 

effective at producing high bond strengths. Unfortunately, it seems 

unlikely that square keys could be produced conveniently and economically 

and so the standard hemispherical weld bead is likely to remain as the 

form of shear key used in most applications. 
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FIGURE 7.33 BOND STRESS DISTRIBUTION AND SEEAR KEY LOADS AT ULTIMATE 

LOAD USING SQUARE SHAPE SHEAR KEYS. 
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CHAPTER 8 

A NEW STRENGTH FORMULA FOR GROUPED CONNECTIONS 

8.1 Introduction 

The existing bond strength formula has been described in Chapters 1 

and 2 and whilst being applicable, it does lack a sound theoretical basis. 

Also-, the formula has been developed for a limited range of geometries 

and for extreme geometries it is less convincing. For a hypothetical 

grouted connection with hoop stiffness K, approaching infinity, the 

formula predicts a strength approaching infinity. This is not possible 

since the sleeve and pile could be held rigid radially but there would 

still be an upper limit on the strength. This strength is determined by 

the surface bond friction strength and grout crushing strength around the 

shear keys. 

The proposed formula is based on the ideas of friction and roughness 

which have been used in the finite element analysis. Also, the formula 

accounts for the effects of l/dp and sleeve stiffeners. Shear keys are 

treated similarly in the finite element, analysis, but for simplicity the 

effects of confinement are excluded. The following derivation of this 

formula is based on the sleeve being loaded in compression and the pile 

in tension, so that Poisson effects will cause separation on both bonds. 

8.2 Derivation of the Strength Formula 

A mean value for normal bond stress 6,,, over the whole length of the 

grouted connection at ultimate loading is given as follows 

6,, 6 ') )>_ 0 (8.1) 
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where k� = normal bond stiffness in N/mm3, 

u, = maximum surface roughness in mm and 

6'= mean radial bond opening in mm. 

is a general term, not accounting for the difference in 6� on the 

sleeve and pile bonds. 

The hoop stress, 6e , is then given by 

6e = 
6� 

2t 
2r 

_ 
6� 

tr 
(8.2) 

where Figure 8.1 describes the geometric terms. 

The maximum bond stress due to the shear keys i�,, is given by 

-r: K= 6-, h/s (8.3a) 

where T, is a constant. A radial component of shear key stress may exist 

and is given as a constant function of TcK. 

6gK =ß Tsk zß 6'mh/s (8.3b) 

Where, 8 = constant, 0<p<1, the value being dependent on the shear 

key shape. 

The total hoop stress then becomes 

" 6a=(6ý+6sK)r/t 

Therefore 6A kit (u, - E') 4-ßB t (8.4) 

Mean hoop strain EB, is given by 

Ee =T=E (6a - V1-70 (8.5) 

where 6Z = mean axial stress. (Radial stress ^- 0). 

E, v are Young's Modulus and Poisson's Ratio for steel. 

__ P/2 6Z 
2rrt +A8.6 c; u 

where P= -fb,, . 2irr, t= axial load (8.7) 

A,,; = total cross-sectional area of all stiffeners on the sleeve 
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I= grouted length, and 

fb�, = ultimate bond strength. 

Therefore 
2 Z= -nrtI is 

tf+ b" 
As.;;; 

for the sleeve. (8.8) 
,T 

Equations (8.8), (8.4) and (8.5) combine to give radial sleeve and pile 

openings, B. and &P respectively. 

Ss -? 'i- k�rs (um S') +. ß 6mh rc + 
(f (8.9a) 

tsE 8 2-Rr s +-A si.; fr is 

and 

sP = tPE 
ýk�r, (ums 5ý) + R6ý 

e 
rP + vf2 1 

'(8.9b) 

The mean bond opening is then given by' 

b, _ 
bg+ bp 

2 
(8.10) 

Substituting equation (8.9) into equation (8.10) gives 

aý 
- 

zE k ý(uM 
S) t+t F" ß ým S 

(t 
+t 

SPSP 

yfbw I re 7t_ +1 

(8.11) 

2 

(wtsrs 

+ AsvfF 2 tP 

Let y rs, + (8.12a) 
to tP 

g "r° +11 (8.12b) (tsrs + Ast;;; /2 tPJ 

This assumes no stiffeners on the pile, otherwise the pile term will be 

similar to the sleeve term. 

Then s' _1j k�(u, &') 4- 6�, 
By+vfe2 r. 0 

Therefore j 
k�u1'+ pes, � 

82 7+ of°" re 

giving ku�, 7 +Ao. 7h/s +vf,,, tr 0/2 
2E + k�7 

" 

(8.13) 
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The basic formula for bond and shear key strength is given as 

fbu =c +- µ6�4- 6,, h/s (8.14) 

where c= constant for adhesion. This term is probably small and may 

be zero. 

Substituting from equations (8.1) and (8.13) gives 

fb,, =c+ µk�(u, ý- S') + Gh/s 

then fb" =c+ µk, u.; 1*k, u, 7+- µk�ß &'Yh/s + µk, yfb,, t rý Bý t+ 
MTh/s 2E + k�7 

(8.15) 

Therefore µk�v tr 9/2 
1 

f"° 1+ =c+ 2E + k, 7 

(kk, u, 7 +- µk A 6., 7h/s) 
+G h/s . 4- k�7 2E 

+ µk, u,, + a'ý, h/s)(2E + k, 7) - µkAu,, 7 - µkq86,. 7h/s 
giving f b,, b" = 2E + k�7 + µk�vl r, e/2 

_ 
2E {c+ µk, u,, + 6, ßh/s 

i+Ic+ (1 - µß) 6h/ f b" - 
sI k�7 

2E + k�7 + Kk, v (rye 2 
(8.16) 

By gathering constants, equation (8.16) gives the final bond strength 

formula. 

A+ Bh/s 4- (C + Dh/s )'Y 
6"- 

(8-17) 
E 4- Fl 1- GrO 

where A, B, C, D, E, F and G are constants. 

8.3 Numerical Values for the New Formula 

In order to validate and use equation (8.17) it is necessary to put 

values to the constants, expressed below in terms of material/joint 

parameters obtained from equation (8.16). 

A= 2Ec + 2Eµk�um B= 2E 6, ý 

C= ck� D= (1 
- ps) d. k� (8.18) 

E=2E F=k� G=pk�V/2 
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Typical parameter values obtained from experimental joint tests 

(Chapter 9) and values used in the finite element analysis are 

k� = 25 N/mm3 6m = 100 N/mmi for f, � = 50 N/mmz 

u,, = 0.05 mit ß=0.0 

u =3.0 E=2x105 N/mint 

c=0.0 v=0.3 

These give 

A=1.5 x106 B=4x10' C=0.0 

D= 2500 E=4x 105 F= 25 

G =11.25 

The parameter ß is not the same as that used in the finite element 

analysis. It is used here to produce an equivalent mean bond stress 

rather than a concentrated load. Such an approximation is unsatisfactory 

and so this parameter is set equal to zero. 

In some cases final values used in the finite element analysis are a 

little different from the bond formula. This can be attributed to the 

fact that the bond formula uses mean values rather than the specific 

values needed for the finite element analysis. 

In order to allow for the effects of different grout cube strengths 

it is common practice to express the bond strength in terms of the 

normalised bond strength FBA, (Chapter 2). Since the above constants are 

expressed for a cube strength of 50 N/mm', the normalised bond strength is 

given by Fg� = fw /1.105 
" 

(8.19) 

Hence, terms A, B, C and D on the numerator of equation (8.17) should 

be divided by 1.105. The resulting equation is then given by 

_ 
1.36 x 106 + 3.62 x 10' h/s + 2260h/s 7 

F8D 4x 105 + 257 + 11.25CrPB 
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This simplifies to 

Fet __ 
13.6 +[ 362 + 2267/104 h /s 

(8.20) 
4+ 10-+ [2.57+2.25(1 dp)r 91 

8.4 Characteristics of the New Formula 

The design variables of the new formula are: Y, 9, h/s, t, r, and 

constant A which is dependent on surface roughness u, 7 and 9 are 

as defined in equation (8.12). 

7 
is + t" 

L, 
is the most important geometric parameter and it is 

interesting to compare it with the existing formula of Billington and 

Tebbett where K is the important parameter. 

(8.21) R=E 
(t 1+ (+-)' 

In K, r/t is important, but in 7, r2/t is used. This is particularly 

important as r/t is dimensionless, making the existing formula 

independent of grouted connection size (or scale). The proposed formula 

would suggest a degree of weakening with increasing scale, but this 

" effect would become less significant with more flexible tubulnrs, that is 

higher I or radius. Figure 8.2 shows this effect for the P9/10 geometry 

and the finite element results are also plotted, showing An identical 

trend to the bond formula. Some evidence for scale weakening can be seen 

in the results of grout bond tests for the BP Magnus Field (7). Test D 

is 5.7 times the scale of test C and its bond strength is only 60% of 

test C. Similarly, on the Department of Energy Grouted Repairs Programme 

(10), test SID is twice the scale of test S/A, but has only 73 of the 

strength of test S/A. These strength reductions agree well with Figure 

8.2 when the appropriate radii are used. More evidence was given in 
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R9. 

' FIGURE 8.2 Er'T'ECT OF SCALE ON BOND STRENGTR FOR TEE P9/10 GEOMETRI 

AS PREDICTED BY THE NEW BOND STRENGTH FONMUL AND THE FINITE 

ELEMENT ANALYSIS. (TUE CURRENT FORMULA GIVES Fg, =1.90 FOR ALL SCALES). 
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Section 2.4 and all the results are tabulated in Appendix B. 

It is possible to investigate the properties of the new formula more 

generally as follows. Consider a plain pipe connection, so that h/s =0 

and for simplicity let the adhesion c, be zero. The formula then 

reduces to 

FB° __ 
K (8.22) 

1+K'7 +K' ' LrP9 

Where K, K', and K" are constants. 

Let [/dp =2= constant, so that t= 4r, , then K' 't rPB = K' 11 rP B. 

As 0= 1/t , rP9~Y. 

Therefore 
%, ,rK (8.23) 

- 1+K"Y 

and 
1- 

C+CIY 
Fsu 

(8.24) 

Where C and C' are constants giving the equation of a straight line. If 

adhesion c, had not been zero, 1/F8 Would have reduced slightly with 7 

as shown in Figure 8.3a. The relationships in Figures 8.3b and 8.3c are 

deduced from Figure 8.3a and then from the definition of 7 given by 

equation (8.12a), the effects of radius and thickness can be deduced and 

plotted, (Figures 8.4 and 8.5). 

It can be seen that the main difference between the new formula and 

the current one is the establishment of an upper limit on the bond 

strength. For shear keyed connections the graphs will be essentially the 

same shape, as the numerator in the formula is simply incrensed by a 

constant proportional to h/s. 

The new formula also takes into account the length of the connection 

and produces the trend shown in Figure 8.6. The rate of reduction of bond 

strength with t/dF, continues to fall with increasing length, but never 

quite reaches zero. This rate of reduction in Fw with z/d. can be 
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FSU 

(a) 

Feu 

(b) 

FS. 

(c) 1/1 

I 

i 

FIGURE 8.3 RELATIONSHIP BETWEEN FB� AND I IN ME NEW BOND 

STRENGTH FORMULA. 
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FIGS 8.4 EFFECTS OF PILE OR SLEEVE RADIUS ON THE BOND 

STRENGTH PREDICTED BY THE NEW FOBMma. 
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F8u 

FBu 

1 
Fsu 

FIGURE 8.5 EFFECTS OF PILE OR SLEEVE THICKNESS AND RADIUS 

ON 1 BOND STRENGTH PREDICTED BY THE NEW FORMULA. 
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calculated from the bond formula as follows: 

Fw 
b+ ct/d. 

(8.25) 

where a, b and c are constants for any given geometry. Differentiating 

equation (8.25) with respect to £/dp gives 

DF 
_ -ac 1 a(e dP) [b + ct/d p] 

(8.26) 

Let the rate of reduction in Fgu be considered small when 

aF 
>-0.1 x Feu 

Ö(! dp) 
(8.27) 

that is, when Feu falls by less than 10% when I/d. is increased by unity. 

On substituting equations (8.25) and (8.26) into (8.27), the following 

is obtained 

- ac 
_ 

3Fu 0.1 a 
[b +cC dj' a(l do) 

>-b+ 
cC do 

Simplifying gives 

-c>-0.1(b + cf/dr) 

Therefore t/d? > 10 - b/c (8.28) 

Equation (8.28) shows how large 1/d. must be for only a 109 bond strength 

reduction when l/dp is increased by unity. 

Typical values for a plain pipe (M-series) test are 

b=7.37 ,c=2.58 
(ro = 228.6 mm). 

Then equation (8.28) gives 

t/dp > 10 - 7.37 / 2.58 = 7.14 

Für a typical connection with shear keys (P9/10), 

b=8.93 ,c=2.4 (r, = 254 mm). 

Therefore (/dp > 10 - 8.93 / 2.4 = 6.28 

For test T49/50, which had a high hoop stiffness diie to a small diameter, 

(r, = 114.5 mm), b=5.27 , and c=0.76. 
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Therefore I/de > 10 - 5.27 / 0.76 = 3.07. 

It can be seen that the stiffer connections have a smaller rate of 

change of bond strength with C/dp, as < 10% reduction in Fß� is reached 

at lower L/dp. Also, the shear keyed examples have a lower rate of change 

of Fe, than the plain pipe test. Both of these effects agree with the 

findings of the finite element analysis given in Chapter 7. 

Unfortunately, the formula cannot show the strength reduction 

typical for (/d. < 2, since this is considered to be due to end effects 

which are not considered in the equation. For this reason, (/dp <2 

should not be used in the formula. To calculate FB� for l/d, = 1, find 

F., for t/d. =2 and then multiply by 0.8, (that is the same as the 

current formula, where C, = 0.8). 

The strength reduction in the new bond formula will be greater for 

larger radius, smaller thickness tubulars, or smaller stiffeners. 

Maximum possible bond strength given by equation (8.17) is Fsu = A/E = 

13-6/4 = 3.4, (for plain pipe connections), when r, = rs =0 and 

tc = tp = infinity. 
16 

Minimum strength is zero, when Y approaches infinity. 

l 

8.5 Performance of the New Equation 

Results of the experimental bond strengths, adjusted to 31-days old 

(F6i31), are compared to predictions from the new bond formula and the 

existing formula in Figures 8.7 and 8.8. Tabulated results are given in 

Appendix B. The closer the plotted points are to the diagonal line, the 

more accurate the prediction. It can be seen that there is a fairly close 

correlation between both formulae and the experimental results, especially 
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for shear keyed connections. There is some scatter in the results, 

especially for plain pipes where variations due to surface roughness and 

irregularities in the cylinder geometry may affect the strength. 

Figure 8.9 shows a plot of F031 from both formulae, and experiment, 

against t/dp for the 0-series tests. This figure shows that whilst 

underestimating Fßu, the new formula does at least show the correct rate 

of reduction in bond strength with increasing Vd,. 

8.6 Split Sleeve Weakening 

Results for specimens with split sleeves seem to consistently 

overestimate the strength of the connection by 30 to 50%. It appears 

that the hoop stiffness of the sleeve may be significantly reduced by 

this arrangement, hence causing the lower bond strength. This can be 

explained by examining the method of clamping the split sleeves, shown 

in Figure 8.10. The split sleeves are joined together by means of 

bolted flanges shown in Figure 8.10a, and these flanges carry forces T, 

resisting the hoop stress, and a bending moment, M= xT, shown in 

" 
Figure 8.10b. This bending moment causes an additional circumferential 

deflection b, shown in Figure 8.10c, hepce reducing the effective hoop 

stiffness. The effect could be reduced by stiffening the flanges 

between the bolts as shown in Figure 8.10d. Figure 8.11, which has been 

obtained from a report on grouted repairs (50), shows how the sleeves 

with no split of the R-series tests are distinctly stronger than those 

with split sleeves. 
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(a)Fixing arrangement 

T. 
4 

(b)Forces and moments on 
the fixing bracket 

Stiff, 

(d)Stiffened flange 

FIGURE 8.10 SPLIT-SLEEVE FIXING. 

-250- 

Sleeve 

_ý] ýýý ýýý 

(c)Deflection due to 
the bending moment 



A 

11 

N 

oo 0008gg 00 00 00 S ON 00 .a LC f, NH r-I 

-251- 

ä 
H U 
rl 

H 
H 
A 

Ný 
0 
U) 
m 

EQ 

C12 

E 
w 

Cý 
H 
C! ] 
W 
A 

E 

H 
cn 
rl 

rl 

" 

e-I 

QD 
PPEwGG 

N 



8.7 Limiting Value for h/s 

Experiments on split sleeve specimens with various values of h/s 

show that F8 inbreases linearly with h/s for increasing either h or s 

up to a limit. Above h/s = 0.06 no further strength is gained. This 

is shown by the T-series results in Figure 8.12. A restriction has been 

placed on the existing bond strength formula, therefore, and this should 

also apply to the new bond strength formula, as follows: 

For h/s > 0.06, the ratio h/s = 0.06 is used in the formula. 

This limiting value of h/s should also apply when the sleeve is not split. 

Some possible reasons for this limitation on bond strength have been 

given in Section 7.3. Figure 8.12 also shows how both formulae 

overestimate the strength when h/s < 0.06 and this is due to the split 

sleeve. Much closer correlation is achieved with unsplit sleeves. 

8.8 Extra Stiff Pile and Sleeve 

Testing of grouted pile/sleeve connections with high pile and 
sleeve 

hoop stiffness at Wimpey Laboratories (51) showed that the existing 

formula would overestimate the bond strength and that an upper limit 

should be placed on the strength. However, when the strength is 

predicted with the proposed new formula, no cut-off is necessary. This 

is not surprising as the new formula tends towards a maximum value of 

bond strength for any given geometry, unlike the current formula which 

has no upper strength limit. The results plotted in Figures 8.13a and 

8.13b (and obtained from the Wimpey Laboratory results, ) demonstrate 

this fact. 

10 
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-- New formula 
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FIGURE 8.13a EFFECT OF SLEEVE STIFFNESS ON BOND STRENGTH. 
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FIGURE 8.13b EFFECT OF SLEEVE STIFFNESS ON BOND STRENGTH. 
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8.9 Possible Improvements to the New Bond Formula 

Other values can be assigned to the constants in the formula which 

may result in some further improvement in the formula's performance. 

Using values other than zero for c or ß does not appear to be of sny 

great benefit. Using T=c+µ6,, in the formula does not reflect the 

fact that -(= 0 when the bond is open and so it is conservative to use 

C=0. Lateral key forces only represent a small part of the normal 

bond stress when distributed over the whole bond surface and so changing 

ß has little effect. If typical h/s values were much higher, then ß 

Would be more important. 

8.10 Summary of Rules Governing the New Strength Formula 

a) The basic formula used is 

13.6 *- 62 +- 226 x 10"«7 hs fig" __ 4+ 10' (2-51 + 2.254. t d. ) 

where 4- ts to 

e_ 'Mrs --4 
1 

nts rs + AS<; a/ 2. tr 

b) If h/s > 0.06, then use h/s = 0.06 in the formula. 

c) For split sleeves, the value of Feu may need to be reduced by up 

to 30%. 
d) For 1/d, < 2, use 1/d, =2 in the formula and multiply the result 

by 0.8. This is an approximate allowance for end effects. 

e) The result dives the value of F81 when the grout is 31-days old, 

assuming oilwell B grout is used and cured at 8°C under water. For 

plain pipe connections, long-term strength may be further reduced 

if shrinkage-occurs as a result of drying out or higher temperatures. 
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f) The constant 13.6 in the equation, is proportional to the surface 

roughness and so may need reducing if the surfaces are not shot- 

blasted. 
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CHAPTER 9 

EXPERIMENTAL TEST RESULTS 

9.1 Steel/Grout Frictional Bond Tests 

In order to determine the coefficient of friction required for the 

analysis, a series of bond tests were devised. 

9.1.1 Test Rig and Experimental Procedures 

The test piece basically consisted of a 10mm thick layer of grout 

cast between two shot-blasted steel plates. This gave two steel/grout 

bonds which measured 75 x 100mm in area. For the purposes of casting 

the grout, end plates were screwed into three sides of the steel plates, 

which were set 10mm apart and stood vertically to form a mould into 

Which the grout could be poured. 

The grout mix was similar to those used in the North Sea, but using 

tap water rather than seawater, as specified in Table 9.1. 
16 

Ingredient Weight ratio 

Oilwell'B'cement 1.0 

Tap water 0.34 

Cormix SP1G 0.02 

TALE 9.1 GROUT MIX USED FOR THE BOND TESTS. 

Only a small volume of grout was required to fill the test piece and two 

76mm cube moulds. The mixing was done by hand. In order to represent 
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the North Sea conditions, the grout was cured at 8°C and 100% humidity 

for two weeks before testing using a Weyco Climatic Cabinet. Two weeks 

are considered to be the minimum time needed for the grout to gain most 

of its strength and stiffness under these conditions. Figure 9.1 shows 

a photograph of a specimen after two weeks curing with the end plates of 

the mould still in place. 

The shot-blasting used by Wimpey Laboratories is to the second 

quality standard of BS 4232. This standard was used for the first joint 

test, but all succeeding tests were of first quality, where the shot- 

blasting is of even quality over the whole surface. The quality standard 

did not appear to affect the results and both qualities gave a surface 

roughness, peak to trough, of about 0.04mm. The surface was measured 

using a roughness meter and the value agrees with the u, used in the 

analysis. Figure 9.2 shows a close-up photograph of the texture of the 

freshly shot-blasted plate. 

After curing, the test piece is inserted into the loading rig ready 

for testing and the grout cubes are tested to check the strength of the 
Is 

grout. Figure 9.3 shows the basic arrangement of the loeding rig, 

indicating the loads and deflections tobe measured. Figures 9.4 and 11 - 
9.5 show photographs of the test rig with a specimen about to be tested. 

A total of six tests were made with a constant value of vertical 

load P, chosen for each test, varying between 2.4 and 7.5 M. The test 

procedure was as follows: - 

(1) Apply a small vertical load (P) to remove slack in the plates and 

measure ö4. 

(2) Apply full vertical load and measure X4 again. The pre-slip effects 

of the vertical load are given by the change in 44. 
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FIGURE 9.1. SPECIMEN STILL IN ITS MOULD AFTER TWO WEEKS CURING 

UNDER NORTH SEA CONDITIONS. 
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FIGURE 9.2. CLOSE-UP VIEW OF THE SHOT-BLASTED PLATE BEFORE GROUTING. 
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loading plate 

Measurement Quantity 

Horizontal rig movement 

grout movement 

top plate movement 

öy Vertical movement between top and bottom plates 

pp Pressure generating load P 

PT ff it 11 T 

FIGURE 9.3 LAYOUT OF THE TEST RIG. THE BOND SURFACE IS 100 mm LONG 

(AS INDICATED), AND 75 mm WIDE. TEE TOP PLATO IS WIDER IN ORDER TO 

GIVE A BEARING TO MEASURE ME VERTICAL MOVEMENT (ö4) ON ONE SIDE. 
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FIGURE 9.4 GENERAL VIEW OF THE TEST-RIG. THE VERTICAL LOAD JACK 

CAN BE SEEN TO THE LEFT OF THE PICTURE, BUT THE HORIZONTAL LOAD JACK, 

WHICH PULLS THE TOP PLATE TO THE LEFT, IS OUT OF VIEW. 
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FIGURE 9.5. CLOSE-UP VIEW OF THE TEST SPECIMEN BEFORE LOADING. 

THE LAYER OF GROUT IS CLEARLY VISIBLE BENEATH THE ROLLERS. 
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(3) Apply increments to the horizontal load (T), monitoring the 

deflections at the end of each increment. 

Top bond slip = ö3 -?! 2 , bottom bond slip = ö,, - ö, and the 

tangential bond stiffness (kt) is calculated for each bond, where 

kt = T/(bond slip). 

(4) After the slip has increased by about 0. lmm, remove T and then P. 

Record all the deflection changes after unloading, from which ua 

and k� can be calculated. 

(5) Restore load P and return to step (3), repeating until T is large 

enough to cause the bond to break. 

Failure always occurred on the top bond, with no slip on the bottom 

bond. In order to take advantage of this fact, a second stage test was 

subsequently devised to enable the remaining bond to be tested. This 

involved reversing the bottom plate and grout and is shown in Figure 9.6. 

The second bond test was always carried out with a low vertical load in 

order to evaluate the adhesive, rather than the frictional bond. 

The test could not be carried out with zero vertical load as the 

vertical load jack also resisted a smalY bending moment which caused the 

right hand end of the top plate and grout (as depicted in Figure 9.6) to 

raise. These bending effects could not be eliminated and their cause is 

explained by the force diagrams of Figure 9.7. The small vertical arrows 

represent forces generated by an anticlockwise rotation of the plates, 

which results in the applied stress under the vertical load jack being 

greater on the right hand side. This anticlockwise rotation exists 

because of the bending moment generated by the frictional stresses acting 

on the two surfaces of the grout and cannot be avoided. 
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FIGURE 9.6 TEST RIG REARRANGED TO TEST THE LOWER BOND. 
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FIGURE 9.7 FORCES APPLIED TO THE INDIVIDUAL PLATES, INDICATING 

AN UNEVEN NORMAL BOND STRESS DISTRIBUTION. 
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This is the same effect as occurs in the grout annulus of the grouted 

connection analysed in Chapter 7, where high values of 6,,, occur at the 

connection ends to resist bending in the grout. For the bond tests, this 

means that the normal bond stress (6�) will not be quite evenly spread 

over the plate and so the results may be marginally affected. This may 

explain why the top bond always fails first, as 6� will be lower on the 

left hand side of the top bond than on any part of the lower bond. This 

is indicated by the number of vertical load arrows on each bond surface 

in Figure 9.7a. 

9.1.2 Results and Findings 

The results of the six tests are summarised in Table 9.2. Of most 

significance is the determination of the coefficient of friction, which 

is calculated as follows: 

AL = P/Tmax (9.1) 
Figure 9.8 gives a plot of ultimate mean shear bond stress against mean 

normal bond stress suggesting a straight line relationship with gradient 

of 3.0. The coefficient of friction can therefore be taken to have a 

value of 3.0 and is used for the finite element analysis. 

On testing the second bond, the initial vertical load was about 

0.025 N/mmt and rose to about 0.05 N/='' before failure. This was 

because the shear load (T) creates an anticlockwise bending moment which 

rotates the plates bearing on the vertical load jack. However, the 

normal bond stress was low enough to demonstrate that there is 

significant adhesion t. The actual values of the adhesion obtained vary 

considerably. This was because some specimens were left to dry and warm 

for several days before testing so that shrinkage of the grout or 
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Test Date Age 

(days) 

ff1 

N/m& 

P 

kN 

µ c 

N/mmi 

1 12/4/83 15 46.0 2.40 3.0 0.0 a 

2 7/6/83 14 39.3 4.85 3.9 0.27 

3 28/6/83 14 38.6 2.40 3.5 0.36 

4 13/7/83 14 38.3 3.60 2.7 0.80 

5 29/7/83 15 20.4 6.00 2.4 0.36 a 

6 6/9/83 14 30.4 7.50 2.2 0.83 

Mean 2.95 

a= After drying out at room temperature for an additional seven days. 

TAME 9.2 RESULTS OF THE STEEL/GROUT BOND TESTS. 
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differential thermal expansion between the steel and grout may weaken 

the adhesive bond. 

This adhesion does not appear to add to the ultimate frictional shear 

stress, except when the normal bond stress is low and once slip commences 

the adhesion is zero. Therefore, the relationship 't'�. = 3.6� appears to 

be satisfactory for the analysis. 

During the tests, no slip was recorded on the bottom bond and so it 

is assumed that prior to ultimate load the same must be true for the top 

bond. As a small slip is recorded for the top bond, which increases 

linearly with T, it is considered that this must be due to shear strains 

across the thickness of the grout. Since the bond slip is negligible, it 

can be ßoncluded that the tangential bond stiffness (kt) is very large in 

reality. 

The vertical displacement (ö4) was very difficult to measure 

accurately. This was because the top plate was found to tilt in response 

to increasing load T. When the component of ä4 relating to T was removed, 

it was found that there is negligible vertical movement prior to the 

ultimate slip. It can therefore be deduced that no dilation of the bond 

took place. This was not surprising since no slip occurred either until 

the ultimate shear bond stress was reached. 

At ultimate load, the top plate would suddenly slip free and be 

accompanied by a loud crack. Little residual strength remained after 

this slip. In a complete grouted connection, as the shear bond stress 

reached the ultimate condition, slip would commence and cause surface 

dilation effects, (that is, ua would increase). Since the grout is 

confined by the sleeve and pile, an increase in normal bond stress 
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results and the shear bond stress would no longer be at the ultimate 

state. In the joint tests carried out here, there is no confinement to 

the grout and so the initial slip leads to ultimate failure. No increase 

in 6, is possible. This explains why the bond dilation effect could not 

be measured by this test. The normal bond stiffness (k�) also could not 

be determined. At zero slip and dilation the bond thickness is zero 

making k� equal infinity. 

Figure 999 shows a photograph of the steel and grout bond surfaces 

after slip failure. Scratch lines in the direction of slip are apparent 

on the grout surface, which is much smoother than the pre-slip surface. 

The steel surface is also smoother due to the presence of powdered grout 

filling the hollows of the shot-blasted surface. The photograph also 

shows small areas of grout which have adhered to the steel, leaving 

hollows in the grout surface. This effect, which only occurred in tests 

1 and 6, would locally increase 6,, in a grouted connection and would be 

a random factor affecting the characteristics of the bond stresses near 

to ultimate load. 

4.2 Grouted Connection Teste at The City University 

This is a separate programme funded by the Science and Engineering 

Research council to test connections with extreme geometries and later 

to include specimens with split sleeves and alternative shear key shapes. 

9.2.1 The Test Programme 

The specimens in the testa were strain-gauged on the outside surface 

of the sleeve and inside surface of the pile. Three rows of strain- 
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gauges, equi-spaced around the circumference, measure the axial and 

circumferential strains at intervals along the length of the connection, 

including either side of every second shear key. The strain readings 

are very useful not only to investigate the behaviour of the connection, 

but also to compare with the results of the finite element analysis. 

Table 9.3 gives details of the tests carried out to date, and 

Figures 9.10 and 9.11 show photographs of the test rig set up ready for 

testing. Six 90 tonne load jacks are used, giving a maximum load 

capacity of 540 tonnes. All the connections tested so far have twelve 

equally spaced longitudinal stiffeners on the sleeve, measuring 90 x 

12 mm in section and so far no tests have been carried upon split sleeve 

specimens. 

9.2.2 Results and Findings 

The results of the above tests are given in Table 9.4, where the 

ultimate bond strengths are compared to the bond formulae and finite 

element predictions. The A and B series tests were loaded with both 

pile and sleeve in tension and so the actual results should be stronger 

than the bond formulae predictions which only consider tension- 

compression loading. The finite element analyses were for tension 

loading and so give higher bond strength predictions as would be 

expected. 

Actual bond strengths achieved were substantially below expectations, 

especially for the plain-pipe specimens. Figure 9.12 shows the load-slip 

curve for test B3 with the finite element results also plotted for 

comparison. Results for tests B1 and B2 were very similar,, although B2 

proved to be noticeably weaker than B1 and B3. 
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FIGUR 9.10. i'tir; EIST RIG SET UP FOR TENSION LOADING. SIX JACKS ARS; 

CONNECTED TO STRUTS WHICH FORCE APART THE STIFFENED END PLATES, ONE OF 

WHICH IS BOLTED TO THE PILE, AND THE OTHER TO THE SLEEVE. 
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FIGURE 9.11. PHOTOGRAPH OF ALL THE TEST EQUIPMENT, INCLUDING THE 

COMPULOG SYSTEM IN THE FOREGROUND, WHICH RECORDS ALL THE STRAIN 

GAUGE READINGS. 
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Such a scatter in the results has been found to be typical for plain 

pipe tests which may be influenced by geometrical imperfections in the 

tubulars. 

Figures 9.13a-d show the strain distributions recorded on the sleeve 

and pile of specimen B3, which again were similar for the B1 and B2 tests. 

Maximum load of 13.2 t/radian is achieved on load-scan 6, just prior to 

the first major slip. After this slip, load-scan 7 shows the sleeve hoop 

strain to have suddenly increased (- : Figure 9.13b). This can be 

attributed to the bond dilation effect. 

The reason for the low bond strengths is thought to be due to 

shrinkage of the grout. The test specimens were transported to the 

laboratory by lorry after grouting and then kept at room temperature 

until the test date. This enabled the grout to dry out and shrink, 

especially as room temperature is considerably higher than the North Sea 

temperature at which the specimens were cast. Grout shrinkage has been 

found to be very sensitive to temperature, Billington (11). Shrinkage 

would result in failure occurring on the sleeve bond as the grout annulus 

contracts circumferentially on to the pile and away from the sleeve. The 

B series tests did fail on the sleeve bond unlike the finite element 

results, which did not include the effects of shrinkage. The sleeve was 

cut open after the test and the grout was observed to have a random 

pattern of cracks which again suggests shrinkage to have occurred. The 

photograph in Figure 9.14 clearly shows these cracks. 

The maximum load was achieved after only about 0.3 mm slip (see 

Figure 9.12), whereas normally about 10 mm slip would be needed to reach 

ultimate load. This can be interpreted again as the result of grout 

shrinkage. 
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FIGURE 9.13c LONGITUDINAL PILE STRAINS FOR PLAIN PIPE TEST B3. 
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FIGURE 9014. CRACK PATTERNS (TRACED WITH ILACK PEN), AFTER TESTING 

AND REMOVAL OF THE SLEEVE, TYPICAL OF Till PLAIN-PIPE 'PESTS. 
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The potential for bond dilation is reduced by the amount of radial 

shrinkage and so the amount of slip needed to reach this reduced u,, must 

also be proportionally less. 

After testing, the sleeve was cut off when it was noticed that the 

grout on the slip surface had become completely smooth, as if polished, 

whereas the unslipped pile surface was still partially rough. These 

observations agree with the mechanism for bond dilation described in 

Chapter 5. 

The shear-keyed tension tests were also weaker than predicted and 

this is shown by the load-slip curve for test A3 in Figure 9.15. (In 

fact, if no adjustment is made for cube strength and age of grout, then 

the results agree well with those obtained from the finite element 

analysis). Again, it is likely that shrinkage is the cause of the 

reduced bond strength. The shrinkage would reduce the confinement of the 

grout and so the grout under the shear keys would crush at a lower level 

of compression. 

Figures 9.16a-d show the sleeve and pile strains recorded by test A3, 

which were similar for tests Al and A2. Large peaks of strain in the 

vicinity of the shear keys were recorded, especially on the sleeve. 

These can be explained in terms of the radial shear key force (v, ). The 

radial shear key force expands the sleeve radius in the vicinity of the 

shear key, which in turn must increase the hoop strain. This also 

results in bending in the axial direction, which locally increases the 

axial tensile strain and is shown in Figure 9.17. Similar effects on 

the pile (but with hoop compression rather than tension), are less 

significant due to the greater thickness of the pile. 

-286- 



0 0 

A 
a) 

1 *r-3 01 

a 10 Cd JEJ P 43 :3 

«ý 
(1) 0 r-i 

WHw 
C) 

Q 

ý°'` 
b 

cädM 

ri :i -p 

Gv H09 

1\\ 

\\ \ 

0000 
Li'% le (Yl CM r-i 

uetpP. /seuuo. Ipsor r: ixv 

-287- 

0 

0 
r-i 

ON 

Co Is 

tn 
H 

p4 

ul 

d' w 

ifi 
E 

MÖ 

N Ha 

H 

O 

I 



i 

<--Free end Loaded end--> 

FIGURE 9.16a AXIAL SLEEVE STRAINS FOR SHEAR-KEYED TEST A3. 
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FIGURE 9.18 TYPICAL A-SERIES FAILURE MECHANISM. 
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Ultimate failure at first appeared to be on the sleeve bond as the 

top of the grout had slipped substantially on this bond. However, on 

cutting open the sleeve, it was found that failure was in fact on the 

pile bond, with substantial voids behind each pile key. The top pile 

key did not crush the grout, but moved it along, making the failure 

appear to be on the sleeve bond, as shown by Figure 9.18. The end pile 

key was therefore virtually redundant because the grout resisting its 

movement was too near the end of the connection to be able to support 

large loads. Figure 9.19 shows a photograph of the failed A2 specimen 

after removal of the sleeve. The voids behind some of the pile keys are 

visible as well as the diagonal cracks. 

Another interesting feature which was observed after removing the 

sleeve was a layer of pulverised grout filling the open bond on the 

compressive side of the shear keys. This effect, which is depicted in 

Figure 9.20, was described in Chapter 7 for its importance in increasing 

the confinement of the grout under the shear key. 

Test Cl was loaded with the sleeve in compression and pile in tension, 

but was unusual because the grout annulus was 85 mm thick, rather than the 

normal 25 mm. On testing, the maximum load capacity of 540 tonnes was 

applied without reaching ultimate load. The new bond formula under- 

estimated this strength as no account is made of the effect of variations 

in the thickness of the grout annulus, but the existing formula and the 

finite element analysis did predict relatively high bond strengths, given 

in Table 9.4. This increased bond strength may be attributed to the fact 

that the greater thickness of grout will be able to compress more under 

the radial key forces and so the radial movements in the sleeve and pile 

will be correspondingly less. 
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It was also noticed that the tubulars for the Cl test were very well 

shot-blasted before grouting. This could explain the slightly higher 

than expected bond strength being due to greater frictional effects. 

The next test to be made was F1, also under tension-compression 

loading. This specimen was unusual in that the sleeve was twice as thick 

as the pile. The bond strength achieved was only slightly greater than 

predicted by the new bond strength formula, although the finite element 

prediction was slightly less. The finite element analysis also showed 

failure to be on the pile bond which was the case for all the shear-keyed 

specimens. The loads on the sleeve shear keys were very low as the thick 

sleeve enabled the sleeve bonds to remain closed with much of the load 

being taken by the bond friction. 

Grout shrinkage did not appear to be a problem with the Cl and Fl 

tests, which were tested at a low age and not exposed to room temperature 

for long periods. 

9.2.3 Comparison with the Finite Element Results 

Figures 9.21a and b give the sleeve and pile strains produced by the 

finite element analysis for the B3 test at the maximum load of 34 tonne/ 

radian. The strains are given for the Gauss Points closest to the 

sleeve/pile surface. These approximately equal the experimentally 

measured strains as there is little variation in strain through the 

thickness of the sleeve or pile except at the extreme ends of the 

connection where there are bending effects. 

Comparisons can be made with the experimental strain readings plotted 

in Figure 9.13, and although the ultimate load is approximately 2.5 times 

larger for the finite element analysis, similarities in the axial strain 
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FIGURE 9.21a STRAIN DISTRIBUTIONS IN THE SLEEVE FOR PLAIN-PIPE 

SPECIMEN B3 AT MAXINIDM LOAD GIVEN BY THE FINITE ELEMENT ANALYSIS. 
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distributions can be seen. Experimentally, the sleeve hoop strains were 

greater than the pile hoop strains because ultimate slip and failure was 

on the sleeve bond, but in the finite element analysis, the pile hoop 

strain was greatest since failure was on the pile bond. The orders of 

magnitude of the hoop strains produced by the finite element analysis and 

the bond dilation effects for the slipped and unslipped bonds compare well 

with the experimental results and justify the methods and values used in 

the analysis. 

Figures 9.22a, b and c give the sleeve and pile strains produced by 

the finite element analysis at ultimate load for the shear-keyed A3 test. 

These results can be compared to the experimental results given in Figure 

9.16. Figure 9.22a shows the sleeve axial strains,. where the outer Gauss 

Points give the strains closest to the outside of the sleeve and so 

should be similar to the experimental results. The inner Gauss Points 

show there to be some variation in strain through the thickness of the 

sleeve in the vicinity of the shear keys. This is due to bending moments 

in the sleeve created by the radial shear key forces. 

A comparison of the analytically obtained strains with the 

experimental axial sleeve strains shows a similar trend apart from the 

very large strains measured at the shear key locations. In the analysis, 

these variations at the key locations were not apparent for two reasons: 

(a) The stiffeners are distributed evenly around the circumference in the 

analysis, creating a larger bending stiffness than exists in reality 

midway between the real stiffeners, and (b) The nearest Gauss Points to 

the shear keys are about 12 mm away and the strains indicated at these 

points will be far less than the peaks at the shear keys. 
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Smaller elements would be needed to show the strain peaks at the shear 

key locations. 

Figure 9.22b shows the pile axial strains, where the inner Gauss 

Points give the strains closest to the inside of the pile, which should 

be similar to the experimental results. The strains at the outer Gauss 

Points vary substantially from the inner Gauss Point strains at the shear 

key locations, indicating large bending strains at the shear keys. These 

bending effects are much greater than on the sleeve, even though the pile 

is thicker than the sleeve, for two reasons. Firstly, at ultimate load 

the sleeve bond remains closed, whereas the pile bond is open. Friction 

on the sleeve bond results in much smaller key forces on the sleeve keys 

than on the pile keys, as there is little bond friction on the pile bond. 

The radial sleeve key force is much smaller as a result than the pile 

radial key force, leading to much smaller bending effects. The second 

reason is the high bending stiffness of the stiffeners, which reduce 

bending strains on the sleeve. Experimentally, the pile axial strains 

appear to show the same trend as the finite element analysis, although 

only one strain gauge is suitably sited to detect the local variations 

at the shear key locations. The local strain variations recorded in the 

analysis would have been even greater close to the shear keys, if 

smaller elements had been used. 

Figure 9.22c shows the hoop strains for pile and sleeve. In these 

cases the inner and outer Gauss Points gave little variation in strain. 

Comparing the sleeve hoop strains with the experimental results, the 

magnitudes are seen to be much the same, apart from the extreme 

variations in strain recorded experimentally at the shear key locations. 
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Again the finite element analysis fails to show this effect due to the 

large elements used. 

The pile hoop strains compare very favourably with the experimental 

results. These strains are larger than on the sleeve as the Poisson 

effects, dilation and radial key forces all tend to create a compressive 

pile hoop strain. On the sleeve, for tension loading, the Poisson 

effects have a compressive effect, but this opposes the dilation and 

radial key force effects which are tensile, hence creating a lower 

overall hoop strain than on the pile. The analysis shows larger local 

variations in hoop strain on the pile than on the sleeve and this can be 

attributed to the much larger radial key forces on the pile. In the 

experimental results, these variations are not very clear as the strain 

gauges are too widely spaced to detect such rapid variations in strain. 

For the Al and k2 tests, which have thicker piles, the results were 

very similar. The sleeve hoop strain was marginally greater, and the 

pile hoop strain was smaller due to the greater thickness. Local 

variations in the pile strains were also less, but the axial sleeve 

strain did not differ. The smaller radial movements of the thicker piles 

resulted in higher grout confinement and higher ultimate key loads. 

The analyses of tests Cl to Fl yielded the following results. Test 

Cl, which had a large grout annulus, appeared to be stronger because the 

stiffer grout ring expanded less and so the confinement around the pile 

keys was greater, leading to higher crush loads on the pile keys. 

For test El, the higher key loads on the pile bond result in the pile 

bond opening, whilst the sleeve bond remains intact opposite the pile 

keys. This is because the radial forces from the pile keys force the pile 

bond to open and the sleeve bond to close. 
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Similar results occur for test Fl, but the sleeve bond stresses and pile 

key loads are lower due to the thinner pile. 

For test Dl, with a large shear key upstand, the key loads and 

Poisson effects are large enough to open both bonds and failure is by 

crushing around the pile shear keys. 

9.2.4 Conclusions 

The finite element analysis has been shown to be of great value when 

analysing grouted connections with extreme geometries. It can show in 

detail the different forms of failure associated with a variety of 

geometries. The weakest dimension of a particular grouted connection 

design can therefore be determined and used to improve the efficiency of 

that design. Influencing factors such as tubular dimensions, shear key 

geometry, stiffeners, alternative loading conditions, scale and length 

of connection can easily be considered. Experimental testing, whilst 

important for verifying the final design, cannot be economically used to 

explore all the design possibilities investigated by the finite element 

method. 
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CHAPTER 10 

CONCLUSIONS 

10.1 The Main Findings 

The main findings of this research project are summarised in the 

following. 

1. On inspection of the existing experimental results it was found that 

bond strength is not only a function of grout compressive strength, 
' 

but also of grout age. Age factors are created to normalise the bond 

strength to one month old, but these factors are also sensitive to 

grout type and curing conditions. 

2. Comparing the fully normalised bond strengths for specimens of 

different scales, it was found that larger scale tests always gave 

lower bond strengths. Previously it was thought that scale did not 

affect bond strength and no allowance was made for scale on the 

reduced scale laboratory tests. The finite element results also 

show this effect. 

3. The stiffness factor, Ka (t/d), should be a (t/di), which will also 

make it sensitive to scale effects. 

4. Laboratory tests are usually end-loaded, but real pile/sleeve/leg 

structures transfer the load at various points along the sleeve. 

Tests have shown that this can substantially increase the bond 

strength. 

I, 
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5. Slip at ultimate load was previously considered to be proportional 

to scale, but close examination of the results suggests this slip 

to be constant for all scales. This is because the bond is 

physically the same at all scales. The results of the finite 

element analysis agree with this effect. 

6. The current bond strength formula does not account for scale effects 

and is not applicable in case of very high hoop stiffnesses. Also, 

the effects of t/d., surface roughness and sleeve stiffeners are 

approximated by simple empirical methods. The formula therefore has 

to be highly conservative in estimating bond strengths for realistic 

(/d? values, which are generally much greater than those used in 

experiments. 

7. A new bond strength formula is suggested, which attempts to overcome 

the limitations of the existing formula. 

8. The concept of dilation on the steel/grout bond under slip, 

resulting from the roughness of the shot-blasted steel surface was 

developed. This proved to be a useful way to explain the behaviour 

of grouted connections and is an integral part of the finite element 

analysis. 

9. Steel/grout bond tests showed the coefficient of friction between 

shot-blasted steel and grout to be 3.0. 

10. Experimental and finite element results show the shear keys to have 

constant tangential load-slip bond stiffness until close to ultimate 

load. Also, a radial shear key load is found to exist, which is a 

constant factor of the axial shear key load. This factor depends on 

the shape of the shear key and equals 0.5 for standard weld bead 

keys. 
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11, The ultimate stress at which the grout crushes under the shear key 

is greater for stiffer tubulars and is due to the increased 

confinement of the grout. This effect was noted in the detailed 

finite element analysis, and included in the simplified whole 

connection analysis by means of a confinement factor, CONF. 

12. On crushing, the pulverised grout fills the open bond, which 

increases the grout confinement enabling substantially higher loads 

to be achieved than at the initial crush. Experimental work at City 

University has shown this effect. 

13. The grout tends to slide around the shear key, which reduces the 

radial confinement of the grout. Possibly, the areas around and on 

the shear keys could be made extra rough, limiting slip and 

increasing the confinement and ultimate load. 

14. Bending effects in the grout are caused by the bond shear stresses 

and key forces acting across the thickness of the grout annulus. 

These result in a high ö at one end of the sleeve and the other end 

of the pile to balance the bending moments. The maximum value of a� 

possible before crushing or cracking of the grout is therefore an 

ultimate limiting factor, especially for very short connections 

where the moment arm is equally short. 

15. For plain-pipe connections, failure is normally on the pile bond, 

as the surface area is less than on the sleeve bond, but with very 

thin sleeves, failure can be on the sleeve bond. 

16. With thicker tubulars, the increased confinement results in higher 

6� when bond dilation occurs. Therefore, frictional bond strengths 

are enhanced until Poisson effects become the limiting factor at 

higher loads. 
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17. For increasing e/d,, the load at the loaded end becomes greater, 

which in turn increases the Poisson effects, resulting in lower 

bond strengths. A stiffer sleeve or pile reduces the influence of 

Poisson effects and so the rate of reduction of bond strength with 

e/dp becomes less. 

18. The difference between loading the sleeve and pile in compression 

or tension can have a very significant effect on bond strength. 

This is because reversing the axial load reverses the Poisson 

effects on the radial expansion or contraction and is particularly 

significant for a less stiff thin sleeve or pile. Experimental and 

finite element results show these effects. 

19. The results of finite element analysis of connections with shear 

keys shows that the sleeve keys soon resist the highest stress 

concentration as the sleeve bond opens first when typically, is (<tp. 

With increasing load, however, the pile bond also opens and the 

stresses around the pile keys become greater, ultimately leading to 

crushing around the pile keys. 

20. Only if the sleeve is very thin will sleeve keys have a chance of 

crushing first according to the finite element and Paslay analyses. 

These analyses also agree that for a given diameter, increasing the 

sleeve or pile thickness can only produce a limited bond strength 

increase. 

21. The finite element analysis shows the effect of increasing Vdp 

when shear keys are used to be less than for plain-pipes because 

shear keys are less sensitive to Poisson effects. 
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22. Increasing the shear key height (h) increases the radial key force 

(YR) which reduces the grout confinement and limits ö� at the ends 

of the connection. As a result, the shear key loads (V and VR) 

become more concentrated where 6� should be high. This leads to 

crushing around these shear keys and a limited ultimate bond 

strength. Higher bond strengths may be possible if shear keys with 

smaller height are used at the connection ends, enabling larger 6,,. 

Alternatively, wedge-shaped ends to the tubulars could be used, 

acting like triangular-shape shear keys with a larger VR. 

23. Reducing the shear key spacing (s) may be more effective than 

increasing h on raising the bond strength, according to the 

analytical results. However, there is still an upper limit on bond 

strength and this occurs when the keys are too close, thus 

influencing each other's degree of confinement. 

24. Analysis showed square-shape shear keys to be stronger than 

hemispherical weld beads since the radial key force is negligible 

and the grout confinement greater. Unfortunately, it would not be 

practical to manufacture square keys. Triangular keys gave a high 

VR and low bond strength. 

25. Shear keys at the end of the connection appear to have little effect 

as the grout they bear against cannot resist slipping. Experimental 

evidence of this was found in the City University tests. 

26. Varying the axial load from tensile to compressive appears to have 

less effect than on the plain-pipe tests because shear keys are less 

sensitive to Poisson effects. The finite element analysis shows 

that for compression loading, the sleeve keys may crush first since 

the pile bond remains intact. 
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27. Split sleeve tests appear to be weaker as the tensile hoop strains 

which occur in the sleeve cause the joint in the split-sleeve to 

open up. Extra stiffening of the sleeve joint could reduce this 

weakening effect, which otherwise reduces the level of confinement 

of the whole connection. 

28. When a connection without longitudinal sleeve stiffeners was 

analysed using the finite element method, it was found to be 

substantially weaker than the stiffened connection (ignoring 

plasticity in the sleeve steel which would make it weaker still). 

This was due to doubling of the axial stresses and hence of the 

Poisson effects in the sleeve, which resulted in crushing around 

the sleeve shear $eys rather than the pile keys. The stiffened 

laboratory test results should therefore be reduced to allow for 

the effects of stiffeners. 

10.2 Suggestions for Future Research 

1. It may be considered worthwhile making improvements to the 

Paslay programme as an alternative to the finite element analysis. 

The fact that normal bond stress variations between shear keys are 

not accounted for is not normally a problem as at ultimate load Ö 

is normally very low or zero anyway. 

The shear key load function needs improving, with a smaller shear 

key stress per unit slip for standard hemispherical weld bead shear 

keys. The shear key stress should also be made a function of a,,, to 

allow for the effects of grout confinement on ultimate shear key 

stress. 

Another improvement would be to adjust the sleeve axial stress to 
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allow for the effects of longitudinal stiffeners on reducing this 

stress. 

Bond dilation is not accounted for and so plain pipe connections 

could not be considered without making major changes to the programme. 

2. Other work could include more improvements to the new bond 

strength formula. For example, the effects of varying the thickness 

of the grout annulus (t, ) could possibly be included in the stiffness 

parameter (1) in the following way 

'Y= ri+rý 1 
tg tr ty 

This would make the connection stronger as t9 is increased, an effect 

which was found to occur in the City University tests. The term 

then becomes non-dimensional and unaffected by scale. However, in the 

complete bond formula, the rr9 term will still create a scale effect 

much as before. 

Another feature not accounted for in the bond formula is the 

effect of confinement of the grout on the shear key crushing load, It 

would appear that to include this effect, the bond formula would 

become quadratic as confinement is a function of the radial 

displacement. Solving the bond formula could therefore become rather 

more complicated. Since the existing fora of the new bond strength 

formula gives good results, it may be hard to justify creating a 

quadratic formula for only slight gains in accuracy. 

3. Further research work could be directed towards extending the 

friction-gap element into a three-dimensional finite element analysis. 

This would enable many loading conditions to be investigated which are 

impossible with the axisymmetric analysis. 
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The stresses between sleeve stiffeners could then be studied and 

the structure transferring load from leg to sleeve to pile could 

be analysed. Other problems, such as grouted nodes, could also 

be studied. 
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APPENDIX A 

THIN SHELL ANALYSIS OF THE BOND DILATION EFFECTS 

A. 1 Deriving the vAguations 

This analysis is concerned with the radial displacements and normal 

bond stresses, but does not include the Poisson effects of the axial 

load, as these effects would vary with position along the axis and 

complicate the analysis. However, the results are useful for assessing 

the effects of slip and dilation on the residual displacements after the 

connection has been unloaded, when the Poisson effects are zero and to 

assess the significance of the sleeve and pile hoop stiffnesses, k� and u,,,. 

For the purpose of the analysis, all radial forces are considered 

acting on one half of the cylinder, (Figure A. 1. ). The following 

definitions can be stated: 

F. 2ra'� (A. 1) 

6w = u, k, (A. 2) 

ýo =t 6n . 
(A. 3) 

for unit length (in the axial direction). 

Hoop strain, 1 rE� 
E Et 

(A. 4) 

but Ee _T where u= radial displacement. 

Therefore 
__ rd rF 

" Et 2Et 
(ý. 5) 

giving F =t. u and 6� = 
r1. 

u (A. 6) 
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FIGURE' A. 1 DEFINITIONS. 

Unit 

ýFP length 

FIGURE A. 2 FORCES AND DISP'LACEMEN'TS USED IN THE ANALYSIS. 
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The hoop stiffness of sleeve or pile is then given by 

F=K. u or 6� = k. u (A. 7) 

where K= 
2Tt 

N/mm2 and k= rt N/mm3 (A. 8) 

Figure A. 2 defines the forces per unit length and the displacements 

acting on a complete section of grouted connection. Considering 

equilibrium, stiffnesses and compatibilities, the following equations 

can be written; where dilation = um, A. = 2rß , A, = 2r,., 

k� = normal bond stiffness. 

Sleeve 

Fs = F. s (A. 9) 

Ps = Ksus (A. 10) 

F, s = k, As(um + u, - us) (A. 11) 

Pile 

F�P = Fp (A. 12) 

Fr = Kpup (A. 13) 

F'',, p = knAP(um - u9 - up) (A. 14) 

Grout 

F�s + Fy = FDP (A. 15) 

F9 = K9u9 (A. 16) 

Equations (A. 9) and (A. 10) give 

F, s = gnus (A. 17) 

and substituting equation (A. 17) into equation (A. 11) gives 

Ksus = knA5 (un+ + u. 1 - us ) 

Therefore 
us = 

kk, A+ 
k�As 

(um + u, ) (A. 18) 
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Equations (A. 12) and (A. 13) give 

F,, p = gpup (A. 19) 

and substituting into equation (A. 14) gives 

Kpup = khAp(u. - ug - up) 

Therefore 
up _ 

k�Ap (UM - u9) (A. 20) Kp +k�Ap 

Equations (A. 15) and (A. 16) give 

F�s + K9u9 = Fnp (A. 21) 

Combining equations (A. 17), (A. 19) and (A. 21) 

Ksus + Klug = Kup (A. 22) 

and substituting from equations (A. 18) and (A. 20), equation (A. 22) 

then becomes 

Ksk, As 
A 

(um - us) +' Kg U-3 - K' 
k+ 

ýP 
A (um 

- Ug) Ks ns 

Let 
=k 

As 
kýAs 

(A. 23) 
Ks + 

w=k,, AP (A. 24) 
Kp + k�AP 

Then KS41(uý, i- ug) + K9us = KpW(u, n - ug) 

which gives 

um(Kpw-K941) U9 KsO + K9 + gvw A. 25) 

Equations (A. 18) and (A. 23) give 

us = ý'(u", + u, ) (A. 26) 

and equations (A. 20) and (A. 24) give 

u. = W(u. ' - u, ) (A. 27) 

Equations (A. 25), (A. 26) and (A. 27) enable the radial displacements to 

be found for any given geometry, uM and k,,. The normal bond stresses, 

which are a limiting factor to the ultimate bond strength, are given by 
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6'os = k� (um 
- us + u, ) 

6�P = k�(um - us up) 

(A. 28) 

(A. 2 ) 

A. 2 Example Calculations 

This example is based on the strain-gauged Forties field specimen, 

which has been discussed in Chapter 5. 

Data: Ep = Es =2x 105 N/mm2 E9 = 1.2 x 104 N/mint 

rs = 330 mm rP = 305 mm is - 12.7 mm 

tv= 25.4 mm k�=50N/mm3 

Calculating the stiffness factors gives 

KS = 1.539 x 104 N/nun1 

" Kp = 3.331 x 10+ N/mml 

K9 = 1.920 x 103 N/mml 

lk = 0.68197 9w=0.4779 

Therefore 

u9 = u,, x 0.19136 

us = (um + u, ) z 0.68197 

up =(um-u9) x 0.4779 

Various values of dilation can be tried in the above equations and then 

the bond stresses calculated using equations (A. 28) and (A. 29). Results 

are given in Table 5.2. 

A. 3 Dilation on Pile Bond Only 

It was considered that dilation may only occur on one bond surface, 

as slip and ultimate failure are generally limited to one bond, (but it 

is in fact more probable that there will be some dilation on the 
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unfailed bond too). This possibility is analysed by modifying certain 

equations as follows. 

Equation (A. 11) becomes F,, S = k,, A, (uy - us) as u, =0 

Which in turn affects equations (A. 25) and (A. 26). 

u4j = 
KS, + 

R 
Equation (A. 25) 

KSý 9+ Kºo 

us = use (A. 26) 

Also, equation (A. 28) becomes 6�S = k�(uy - us). 

Table 5.2 gives results for this analysis on the example problem. 

A. 4 Effect of um and k� on 6� 

The effects of u, h and k� upon c� and hence on overall bond strength, 

have been investigated using the above equations for dilation on both 

bonds. Figure A. 3 plots the findings, which indicate a linear increase 

in 6� with u, h, but a falling rate of increase of 6,, with k,,. 

There, is obviously an upper limit on 6� governed by the hoop 

stiffnesses of the sleeve and pile and so there is little point in 

using k� > 50 N/mm3 . 

A. 5 Effect of Sleeve and Pile Hoop Stiffness on 6R 

It is also possible to vary Ks or K while all other factors are 

held constant and the results of such an exercise are plotted in 

Figure A. 4. It can be seen that a� is more sensitive to the sleeve 

stiffness than to the pile stiffness. This can be attributed to the 

fact that Ks is smaller than K, and so its radial displacement 

components will be larger and have more influence on 6,,. As K, (or KS) 
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is increased, the rate of increase in C,, gradually reduces. This is 

because the stiffness of the other tubular is held constant and so 

cannot take a greater 6� without increased radial displacement. Also, 

there is an upper limit on ö� ; in this case T. < u. k� = 2.5 N/mm1. 
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APPENDIX B 

Table of Results Comparing Experimental Bond Strengths with the 

Existing and New Bond Strength Formulae. 

Existing Formula: - 
(Chapter 2) 

F x, �(76+9468 h/s) C. 

New Form ula: - 
(Chapter 8) 

13.6+ 362+226x10 4f' h/s FeV 4+10-4 2.5? i+2.25rp dP8 
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APPENDIX C 

THE FRICTION-GAP EL ENT SUBROUTINE 

This subroutine is designed for use with the program NONSAP. 

C. 1 Key to Variables 
(a) Integers 

ID (I, J) :I=1 for Y-dirn., =2 for Z-dirn. ID gives 
the equation number for node J. 

ICOUNT =1 initially, =2 start of load step, a3 
during iterations. 

IFAIL (I) : Gives the no. of bond pairs in bond state I 

(I =1 to 6 for six physical bond states - 

see IFGAP). 

IFGAP = 1, bond closed, = 2, closed, slipping, s 3, 

opening, = 4, opening and slipping, = 5, bond 

open, = 6, shear key crushing. 
IND =0 at input stage, =1 at assembly stage, =4 

during solution stages. 
IREF =0 when stiffness matrix is to be recalculated, 

else = 1. 

IS=IPS=IPST : Print flag. Also, if IS>10, then the element 

has a shear key. 

ISC =0 for no shear key, =1 with a shear key. 

KG = KKK : node increment for element data generation. 
KPRI :=0 for output printing, = 1 for no output. 
LM(12, I) : Gives the eqn, nos. for the twelve displace- 

ments of element no. I. 

LMä (4) : Local LM vector for just one node-pair. 

M=N : Element number 
MATP (N) : Material property set no. for element N. 

MTYP YP : Material property set no. for element M. 

N=M : Element number 

NB : No. of node pairs (=2 or 3) 

NCON :=0 for no shear keys, or =2 x (no. of key 

stress-slip points in the data) with shear keys. 

NOF(I)=NOFU(I) : For I=1 to 6, gives the global node nos. for 

the six local element nodes. 
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NS =1 to 3, indicates which node-pair is being 

considered. 
2N, ß Number of elements in the element group. 

NUT&AT : Number of sets of material properties in the 

element group. 

(b) Floating -Point Numbers 

AREA : Gives a fraction of the bond surface area 

per radian, (the fraction = 7- for NB = 2, or 

for NB = 3). 3 o 
BL (I) 

.=n for property set I. 

CN .= cosA 
CONF .= Confinement factor, = um /An 

ESN .= 2e&tA , part of surface dilation function. 

E(I) = EC = k, ), normal bond stiffness 

FACT (I) = k+ reduction factor, when slipping 
for 

propgrty 
FAC2 (I) :=k,,, kt reduction factor when bond bet No. 

I 
opens 

FAC3 (I) : =ratio for shear key force 

G(I) = (7I' = kt , shear bond stiffness 

H(I) := Shear key height, h 

HT : Gives the stiffness matrix bandwidth vector 

in the initial phase, and later represents 

the nodal load vector. 

HEFF : The effective shear key height, = h-an 

PP(I) : Global force in the Y-dirn. resulting from 

the bond stresses for node-pair I. 

PROP : Shear key stress-slip data. 

S(10) : Vector of element stiffness coefficients 
(upper triangle only) 

SCK(I) : =c 
S, ýU(I) µ 

for property set I 

SKE := ksx hei , shear key stiffness 
SIG normal bond stress 
SIGU normal bond stress due to u0. 

SLIP Total slip from the pile/grout and grout/ 

sleeve bonds. 
Std := sin 0 
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TAU .=T, shear bond stress 

TAUB = V, the shear key load/unit circumference 

TAUO =c +Ma,;, the limiting frictional shear 

stress. 

U(I) = u. for property set no. I 

UA = uQ 

W(I) : Global force in the Z-dirn. resulting from 

the bond stresses for node-pair I. 

XL : Bond opening, An. 

XYZ (6, NUME) : The initial element coordinates 

Y(I) : Global coordinates of node Iy updated at 

Z(I) each load-step end. 

ZA : Absolute bond slip, tAtI 

ZL : Bond sl ip y At 

ZLONG : Element length 

C. 2 Subroutines 

COLHT (HT, ND, LW. I) : - 
Updates the global stiffness matrix bandwidth. 

ADDBAII (A(IJ4), A(Nl), S, LMM, ND) : - 
Adds the element stiffness coefficients, S, into the 

global stiffness matrix, part of A. 
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C. 3 Input Data Instructions 

Card 1 (20Id) 

Element Control Data 

Cols. Variable 

1-4 NPAR (1) 

5-a NPAR (2) 

9 -12 NPAR (3) 

21 -24 NPA (6) 

25 -28 NPAR (7) 

56 -60 NPAR(15) 
61 -64 NPAR(16) 

65 -68 NNPAR(17) 

Entry Comment 

-1= NPAR1 Identifies with one- 

dimensional elements 

= NUMB Number of elements in the 

group (GE. 1) 

= 2=INDNL 

=1 

NB 

=1 
NUP, 1MAT 

= NCON 

(Equals I for friction-gap 

element or 2 for Truss 

element). 
Equals 2 for 2 node-pairs 

or 3 for 3 node-pairs. 
(Default = 3). 

Number of sets of material 

properties, (GE. 1). 

Equals zero for no shear 

keys, or 2x (no. of shear 

key stress-slip data pointsl 

with shear keys. 

(Default = 0). 

7 
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Bond Property Cards 

Read NPAR (16) sets of cards 2a, 2b and 3" 

Card 2a. (15) 

Cols. Variable 

1-5 N 

Card 2b. (8F10.0) 

1 -10 E(N) 

11 -20 G(N) 

21 -30 sMu(N) 

31 -40 SCK(N) 

41 -50 U(N) 

51 -60 BL(IT) 

Entry Comment 

Property No. GE. 1 and LE. NPAR (16) 

k" (NIMM' ) 
Bond stiffnesses 

kt (II/mm 3) 

µ Coefficient of Friction 

c (Pd/mra'') Bond adhesion 

um (nm) _ (Steel surface roughnes4 

ie. max. dilation. 

n =1 for ua=um© 5mm slip 

1 =2 11 It It n10mm i' etc. 

61 -70 FAC1(N) On slipping, kt 4k, /FAC1 

71 -80 FAC2(N) For Open bond, Jkn 
-). k, /FAC2 

1 kt_kt/FAC2 
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Shear Key Data 

Card3 (8F10.0) 

Only provide card 3 if NPAR (17)> 0. (NCON = NPAR (17)) 

Cols. Variable Entry Comment 

1 -10 PROP (1, N) V(l) - 0.0 Stress on Shear Key in 
CONF. R. h N/mm2 (Zero for pt. (1)) 

11-20 PROP (2, N) V(2) 

CONF. R. h 

PROP (NCON -1, N) VTr Stress to just cause 2 CONF. R. h 
crushing 

PROP (NCON 
'N) 2 

PROP (NOON+19N) ZL 1=0.0 Slip in mm for pt. (1) 
2 CONF. 

PROP (NOON-l, N) ZL NCON -1) Slip to start crushing 
CONF. 2 

PROP (NCON, N) ZL(NCON) 
CONF. 2 

H (N) h Height of Shear Key 

in mm. 
FAC3( N) Fraction of axial shear 

key force in radial 
direction. 

V 

Vcl NC ON)'ZL(NCON) 
22 

V(1), ZL(1) ZL 
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Element Data Cards 

Card 4 (1015) 

NPAR (2) elements must be input and/or generated in this section 

in ascending sequence beginning with "1". 

Cols. Variable Entry Comment 

1- 5 M (Element number) GE. 1 and LE. NPAR(2) 

6-10 MTYP (Material property GE. 1 and LE. NPAR(16) 

=MYPE set no. ) 

11-15 IPS =0, No printing of bon d stresses 

=1, Print stresses at pts. 1 and 2 

=2n ii it 1,2 and 3 

=3, As = 1, plus print total slip, (for 

=4, As = 2, M. LE. NtJ! AE ). 
2 

16-20 KG 

21-25 NOF(1) 

26-30 NOF(2) 

31-35 Nor(a) 
36-40 NOF(4) 
41-45 NOF(5) 
46-50 NOF(6) 

For Shear Connectors, add 10 to the 

IPS value chosen above (ie. IPS=10 to 14) 

Node generation increment used to 

compute node nos. for missing elements. 

EQ. O, default sets to "1". 

Local element node nos. Must be 

correctly orientated within the 

global axes. 

NOF(5) 

Y 
z 

TTOF(6 ) 

NOF(3) 

NOF(1 

NOF(4) 

NOF(2) 

NOF(5)=NOF(6)=O when only two 

node-pairs are used. 
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APPENDIX D 

SUBROUTINES FOR THE CONSTITUTIVE BEHAVIOUR OF THE GROUT MATERIAL 

These subroutines are designed for use with the program NONSAP. 

D. 1 Key to Variables 

(a) Integers 

Important integers not listed are given in Section C. I. 

IDW := 12, gives the dimension of the storage array 

required for data stored from the previous 

load step. 

IHOOP :=0 for no circumferential crack, else - 1. 

IM= M: Subincrement counter for the cracked or 

plastic states. 

IPEL :=1 for elastic, =2 for plastic, =3 for 

cracked, =4 for crushed state. 
ITYP2D :=0 for axisymmetric, =1 for plane strain, 

-2 for plane stress. 

M= IM : Subincrement counter 

NEL : Element number 

NINT :=2, Gives the numerical integration order to 

be used in the Gauss Quadrature Formulae. 

NUMCR : Crack Status 

NUMCRX : New Crack Status 

(b) Floating-Point Numbers 

AG : Angle of the principal stresses to the global 

axes. 
ANGLE : Crack a. igle (in degrees), = 1000.0 for 

uncracked state, = 360.5 for a hoop crack only. 

AO := AO 

AU = Au 

C: =[D] - matrix 
CG = cos (GAM) 

DELSIG := Elastic stress increment vector 
DEEPS := Strain increment vector 

DEPS - Subincremental strain vector 
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DFAC = STIFAC 

DP =C: Elastic-plastic [D] matrix 

/ 

EPS : Strain vector at end of last load increment 

EFSG effective stress 

EST=HP 

FCU =fü, 
FCO := fro 16 

FTU =f t4 

FTO := f+0 

FBCU := fb, 

FBCO =f b" 
Fl := ve1, value of loading function 

FT := c1 YLDZ, FTC 0= plastic, Fi' <0= elastic 

GAM= GAMMA =- (Crack angle) in radians 

H Work-hardening modulus 

HP := H' . tangent to the effective stress- 

plastic strain curve 

P1, P2 = Principal Stresses 

PROP = Material property vector 

PV = PROP (2) = Initial Poisson's Ratio 

RATIO := Fraction of elastic stress increment to 

reach yield surface 

RTC :-1.0 for compression/compression region, 

= -1.0 for tension/compression region 

STIFAC = SFEFAC = PROP (26) : Stiffness reduction factor on 

cracking or crushing 

SIG := Stress vector at end of last load increment 

STRESS = Updated stress vector 

STRAIN := Updated strain vector 

SG := Sin (GAM) 

STR := Parameter defining extent of yield, 
(= YLD for compression region) 

Sli, S22 := Stresses in the crack planes 

SM := 9-'M+ ýyy + 
SX = azx for SIG or STRESS 

Sy = Qyy vector 

SS = Z'y2 

SZ : '= Ott 

11 
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TAU Working stress vector 
TO initial effective yield stress 
TU ultimate effective stress 

T = Transformation matrix used to rotate the 
[D] 

- matrix from the crack plane 

orientation to the global orientation 
WA (12, I) := Working storage array - see IMODiO sub- 

routine 
XA := CK 

XB ß 

XJ2 Second invariant of deviatoric stress 
YLD - YIELD := Effective stress at which yielding 

commences 
YLDC compression region 
YLDT tension/compression region 
Yid = PROP(1) := Initial Young's Modulus 

d, 

D. 2 Subroutines 

CONC2D (PROP, SIG, EPS, YIELD, IPEL, NUMCR, ANGLE): - 
This is the main program subroutine. 

IMOD10 Mv IWA, NPT , PROP): - 
This subroutine initializes the variables in the working array, 
VIA (12, I) for each Gauss point, where I=1 to (NUME*1NINT*NINT). 

VIA (J, I) = 0.0 for J=1 to $, representing the 

initial stresses and strains. 
EWA (9,1) = -1.0 - YIELD - the yield point 
(negative, therefore still elastic) 
IWA (10, I) =1 IPEL, = 1 for elastic state 
IWA (11, I) -0= NUMCR = No. of cracks 
WA (12,1) = 1000.0 = Crack angle (> 360.5, 

therefore uncracked). 
The material property vector, PROP (I), I=1 to 26, is also 

generated, using the cube strength, FCU, as basic data. 

MIDEP2 (TAU, DEPS, DP) PROP): - 
Calculates the elastic-plastic stress-strain D matrix. 

EPSLOP (STR, EST, PROP): - 

Calculates the tangent to the effective stress plastic strain 

curve from the supplied data points- 
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DCRACK (C, ANGLE, NUMCRK) :- 

Modifies the [D] matrix for the cracked state. 

MAXMIN (TAU, 511, S22, AG): - 
Calculates the principal stresses, S11 and S22, in tle Y-Z 

plane, and their angle of rotation, AG. 

CAUCHY: - 
Converts stresses defined in the Total Lagrangian formulation 

to true Cauchy stresses. 

11 
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D. 3 Input Data Instructions 

For the Element Group Control Card: - 

NPAR(17) - 26 = No. of constants per property set. 
NPAR(18) = 12 - No. of items per Gauss Point to be stored 

from the last loadstep. 

For the Material Property Data Cards: - 

NUMMAT (=NPAR(16)) sets of 4 cards, is one set for each 

material property set, are supplied. The data for each 

set of 4 cards for property set No. N, are as follows: - 

11 

Cols. Variabl 
e 

(a)Generated OR (b)Specified 

CARD 1 

1-10 PROP(1pN) E (TT/m2) E (N/mm2 ) 

11-20 PROP(2, N) V V 

21: -30 PROP(3, N) - Aa 

31-40 PROP(4, N) 0.0 7o comp. 
41-50 PROP(5, N) Au Region 

51-60 PROP(6, N) - "7I4 
61-70 PROP(79N) - AO 

71-80 PROP(8, N) - % Ten. 

CARD 2 
Comp. 

1-10 PROP(9, N) - A4 
Region 

11-20 PROP(10, N) - 
'Zu 

21-30 PROP(1l, N) a , -If, ', (i) (1) Non- 

31-40 it (2) " (2) dimensional 

41-50 It stress- 
51-60 it plastic 
61-70 "s to strain 
71-80 PROP(16, N) to curve. 
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Entry 
Cols. Variable 

(a)Generated OR (b)Specified 

CARD 3 

1-10 PROP( 17 , N) f, ',, (7) c /f ,, 
(7) Non- 

11-20 E; p 
(1) Ep (1) dimensional 

21-30 It (2) (2) stress- 

31-40 plastic 

41-50 '" 'r strain 

51-60 cup-ve. 
61-70 « n 

71-80 PROP(24, N) Ep (7) Ep (7) 

CARD 

1-10 PROP(25, N) fcu (N/mrrz) f I, (N/m2) 

11-20 PROP(26, N) STIFAC STIFAC 

(eg. 
, STIFAC = 105) 
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