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ABSTRACT

Fatigue cracks may initiate and grow in areas of stress concentration in steel
structures. Recently, composite fibre patching techniques have been considered as
alternatives to traditional methods of fatigue crack repair in steel structures. Research
on using of carbon fibre reinforced polymer (CFRP) materials in steel structures has
demonstrated their potential in enhancing fatigue behaviour of metallic structures.
However, most previous research focused on a CFRP bonded specimen with an
artificial and small notch. Further study is necessary to investigate the effectiveness of
this strengthening method when applied to welded joints where initial defects exist
and to steel elements with different degrees of damage.

A series of experiments were conducted to study the fatigue performance of
CFRP-sheet repaired non-load-carrying cruciform welded joints. Different
strengthening ratios were considered. It was observed that the specimens fractured at
the weld toes or base plates. The fatigue strength of CFRP bonded specimens was
increased from 16.2% to 29.1% in comparison with that of plain specimens.

Afterwards, numerical analysis was carried out to study stress concentration
factor (SCF) values at weld toes and stress intensity factor (SIF) values at crack tips of
these specimens. Variables including the weld toe radius, strengthening ratio, Young’s
modulus of retrofitting materials, crack depth and patching side were evaluated. It was
found that both the SCF and the SIF could be significantly reduced after CFRP
repairing. The weld toe radius and strengthening ratio were the key parameters
influencing the fatigue behaviour of these welded joints. Enhancement of the elastic
modulus of CFRP sheets and adhesive could be beneficial to the fatigue performance.

21 out-of-plane gusset welded joints strengthened with CFRP sheets or laminates
were also tested under fatigue loading. Their fatigue lives and failure modes were
recorded during the experiments. All cracks initiated from weld toes on the base plates
that were adjacent to the longitudinal plate ends, and propagated gradually till
specimen failure. The fatigue life of the welded joints with CFRP strengthening could
be increased up to 135% over un-strengthened specimens, although scatters were
observed from the test results.

Similarly, SCF values at weld toes were studied based on the finite element

method. Parametric analysis showed that the SCF values were considerably brought
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down after strengthening. A higher strengthening ratio would result in a better fatigue
behaviour. It was available to improve the strengthening efficiency by using high
modulus CFRP materials and this trend was more pronounced in the CFRP-laminate
repair system. No obvious influence was found regarding the stiffness of the adhesive
layer based on the limited results. The study of the fatigue behaviour of CFRP
repaired out-of-plane welded joints was expanded using the boundary element method.
This method was first validated by the good agreement between numerical data and
experimental results of steel plates with longitudinal weld attachments strengthened
by CFRP laminates on one side from the literature. Thereafter, the effects of
single/double side strengthening, single/double side weld attachment and CFRP
stiffness on the fatigue behavior of retrofitted welded joints were further discussed. It
was indicated that the double-sided repair was more efficient. In comparison with
steel plates with attachments on only one side, the fatigue life of double-sided welded
specimens appeared shorter. The elastic modulus of CFRP laminates had a
considerable influence on the specimens with composite materials attached on both
sides. While for the single-sided strengthened specimens, the improvement of the
fatigue behaviour by using ultra-high modulus CFRP laminates was limited.

To exclude the scatter effect of welding and further examine the matter of initial
defects, an experimental study on artificial cracked steel plates was carried out to
evaluate the influence of various degrees of initial damage on the fatigue performance
of CFRP-strengthened elements. Parameters of the retrofitting configuration and
CFRP stiffness were also studied. The experimental results were very encouraging,
demonstrating that CFRP patches could effectively slow crack growth and extend
fatigue lives, regardless of the initial damage levels. More remarkable strengthening
effect was found by using ultra-high modulus CFRP laminates, covering the initial
cracks with CFRP and repairing at an earlier stage (i.e., smaller damage level).

The SIF values at crack tips of cracked steel plates strengthened with CFRP
laminates were calculated by using the finite element method. Effects considered
included the crack length, patch side and elastic modulus of CFRP laminates.
Numerical results showed that the CFRP-laminate bonding repair could significantly
reduce SIF values at crack tips. Regardless of the crack lengths, the strengthening
method was effective at all stages of crack propagation and later application brought
about more considerable effect. Without out-of-plane bending, double-side repair was

better if applicable. The use of CFRP laminates with high modulus could also improve
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the strengthening effectiveness. Crack propagation analysis on these cracked steel
plates (with different degrees of damage) repaired by CFRP laminates was also
performed using the boundary element method. The predicted crack propagation and
fatigue lives were compared well with the experimental data, which demonstrated that
the boundary element method was reliable for crack propagation analysis of
CFRP-laminate retrofitted steel plates. Finally, a parametric analysis was conducted to
investigate the influence of the bond length, strengthening ratio, CFRP stiffness and
adhesive shear modulus on SIF values. It was demonstrated that an optimum bond
length existed in the strengthening system. The optical bond length in an ultra-high
modulus CFRP bonded specimen was observed to be longer than that in a normal
modulus CFRP repaired specimen from the numerical analysis. The SIF values
decreased continuously as the strengthening ratio increased. Repair materials with
higher elastic modulus could lead to more pronounced strengthening effect. However,
when the adhesive shear modulus was further increased over 350 MPa, the reduction
ratio comparatively slowed down.

Based on the classical solution of SIF values at crack tips of plain steel plates, a
new approach was proposed to evaluate the SIF values at crack tips of steel plates
strengthened with bonded composite materials by using linear elastic fracture
mechanics. The load share effect and geometry correction factor change resulted from
the overlay patch were evaluated. Effects of different parameters were demonstrated
and compared with experimental results, including initial damage degrees of the
specimens, geometric and mechanical properties of the retrofitting materials and bond
locations. Good agreement with the experimental data indicated that this approach
could conservatively predict the SIF values with reasonable accuracy. A parametric
study on variables including the CFRP modulus, strengthening ratio and bond length
was conducted based on this method to investigate their influence on the SIF values.
The general trend showed good consistency with the results obtained by using the
boundary element analysis.

This research extends the understanding of CFRP application to welded joints
and steel elements with different degrees of damage. Some useful suggestions for this
strengthening method are proposed. The test database contributes to the development

of this retrofitting method in fatigue crack repair of steel structures.

Key Words: CFRP, welded joint, cracked steel plate, fatigue crack, degree of damage,
stress intensity factor
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