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Summary

For several reasons, in plate strengthened members a reliable bond via the epoxy joint is essential
for the composite action. According to the truss analogy the ends of the plates of carbon fiber
reinforced plastics (CFRP-plates) have to be anchored to the concrete. Bond tests indicated, that
an already existing engineering model for the ultimate bond force, so far verified only for steel
plates, is also applicable for CFRP-plates. Material-specific adaptions had to be made.

1 Introduction

The strengthening of concrete members by externally bonded steel plates is a proven technology.
However, it exhibits several disadvantages such as the steel’s susceptibility to corrosion in the
adhesion zone and its heavy weight. Consequently, steel is increasingly replaced by thin and
light CFRP laminates which exhibit exellent long-term- and fatigue- properties and corrosion
behaviour. This article deals with CFRP-plates, consisting of unidirectional carbon fibers,
embedded in epoxy resin matrix.

Especially at the end supports of beams and slabs, the reliable anchorage of the plate end by bond
is important. For design, the ultimate bond force and the modes of failure must be known. Hence,
extensive bond tests were performed. On basis of the results an engineering model of bond
strength was developed.

2 Materials

The Young's modulus of carbon fibers is in the range of 240-900 GPa, their tensile strength of
2000-7000 MPa. The stress-strain behaviour ist linear-elastic. In CFRP-plates, the fibers are
embedded in an epoxy resin with a tensile strength of 60-90 MPa and an ultimate strain of 3 -5%.
For more information see /1/.

Unidirectional CFRP-plates with a fiber volume ratio of 60 - 70% are 1,0 - 1,5 mm thick and 50 -
100 mm wide. They have a tensile strength of 2000 - 3000 MPa and an E-modulus of 150 - 230
GPa. CFRP-plates are, as the fibers, linear-elastic unto failure. The contribution of the epoxy
matrix to strength and Young’s modulus is negligible. The short time strength is the relevant
design resistance.

3 Principle of the Strengthening Method

The CFRP-plate is an additional and staggered tension chord. The behaviour of the strengthened
member can be described by the truss analogy TA. Consequently, this analogy requires in the
case of beams external plate stirrups, anchored in the compression zone. Such stirrups can only
be realized by glued steel plates. Because the CFRP-plate will usually end before the axis of end
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supports, the plate’s force has to be anchored in the tension zone of the bending member. Fig. 1
shows schematically the lines of the tensile forces of the internal and external reinforcement
according to the TA as well as the plate force to be anchored outside of the line of plate force.
Experiments proved, that the flexural design of plate strengthened beams and slabs can be carried
out following the rules for reinforced concrete. The strain limit of CFRP-plates has to be chosen
in such a way, that the premature separation of plate from concrete is obviated. The shear design
of plate-strengthened members also follows the principles for reinforced concrete.

4 Bond Zones of a Plate-Strengthened Concrete Member

In a plate-strengthened member, three zones of bond stress exist (Fig. 1):
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Fig. 1 Truss model of a plate-strengthened beam, tensile forces according to TA and bond zones

I Anchorage of the plate end
Tensile stresses are rapidely being transferred to the plate via bond stresses, beginning at the

plate end, until at the end E of the anchorage length the plate is fully connected, i.e. its share of
total tensile force is equal to its share of the total reinforcement stiffness.

II Zone of shear forces and moderate bending moments
Bond stresses are caused by the variation of bending moment along the beam and by force

transfer at cracks.

IIl Zone of high bending moments and low shear forces
In the zone of strain, bond stresses are mainly caused by force transfer at cracks.

Within the anchorage length |, the plate end has to be anchored to the concrete for the relevant
plate force Fjg, by high bond stresses.

5 Bond Tests
5.1 Test Methods

For the investigation of the bond behaviour of a plate end, bond tests are necessary. There are
two basic types of bond tests. Volkersen /2/ and Ranisch /3/ used double-lap specimens, in which
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both, the concrete and the plate were loaded with a tensile force. The other type is carried out on
specimens in which the concrete is under compression and the plate under a tensile force. This
type was used by Bresson, Hilti AG and Holzenkdmpfer /4/ on double-lap specimens and by
Wicke/Pichler /5/ and Tiljsten /6/ on single-lap-specimens. For the investigation of bond
behaviour of CFRP-plates, a test method was chosen, which reflects the situation of the of the
plate’s end. The CFRP-plates were tested in double-lap bond tests of the compression-
compression type. Fig. 2 shows the test set-up in relation to the situaton in the anchorage zone.

steel plate

E i

0. . 2 i

concrete ; |
? F
2

—_————

Fig. 2 Double-lap test specimen (compression-tension), used by Bresson /5// (left), Plate
anchorage and bond test sei-up (right)

5.2 The Model of Holzenkimpfer

The aim of the bond studies is, to develop an engineering model! for the prediction of the ultimate
bond force of a bonded CFRP-plate dependent on the relevant parameters, especially the bond
length. The engineering model of the bond of glued reinforcement of /4/ is a promising on-set.
This model is based on non-linear fracture mechanics. It was developed for an arbitrary elastic
plate material but so far only verified for steel plates. The model is based on the differential
equation of the sliding bond according to /2/and /3/:

ds, K
| =0 1

l 2 E[tl T(Sl) ( )
where: s,......: local slip between plate and concrete

t;.......: thicknessof the plate

The bond law 1,(s;) used by /4/ is shown in Fig. 3. Its ascending branch represents linear
elasticity, the descending branch the softening of bond by bond cracks. The total area enclosed is
the fracture energy Gy for crack initiation, which can be expressed as a function of the concrete’s

tensile strength.



720 BOND BEHAVIOUR OF CFRP-LAMINATES

A
Sp
Ty - GF= JT (Sl)d SlzCF f:fm
]
(o
=
£ G,
iy
! —
Sy s inmm Swo

Fig. 3 Idealized local bond law of Holzenkidmpfer /4/

Pre-supposing the Mohr-Coulomb criterion for bond failure, the value 7, is expressed as a
function of the concrete’s surface tensile strength £, . The slips s); and s;, were derived from the
deformation of a representative volume of bond zone. Tests show, that the ultimate bond force
increases with bond length. However, after a specific bond length |, ., no further increase
beyond the maximum ultimate bond force T,,,, can be attained (s. I:L’ig. 5). The following
expressions are derived in /4/:

Toax = 0,40 ky ko by VE t,f,, [N] )

_ [Et
ll,max - 4 fcm, [mm] (3)

The factors ky, and k. consider influences of the plate width relative to concrete member’s width
and of the condition of the concrete surface. The product kyk_ usually does not differ much from
1,0. Eq. (2) is assumed to be valid for any elastic plate material, but was calibrated for steel
plates. Hence, it became necessary to investigate the applicability of Eq. (2) for CFRP-plates.

5.3 Test Program, Types of Failure and Results

In all 51 bond tests were performed. The following parameters were varied: bond length |, plate
width by, plate thickness t,, concrete cube strength. The Figs. 4 and 5 show the results.

In all tests a sudden, brittle bond failure ocurred. Two main failure types are to be distiguished,

which in some cases ocurred together in the same plate:

1. Concrete tensile failure 1-7 mm deep in the concrete subbase T1. The adhesive layer together
with aggregate particles remained on the plate.

2. Interlaminar plate failure T2. The fibers closest to the adhesive surface were ripped out of the
matrix and remained in the adhesive layer on the concrete. In most cases, interlaminar plate
failure ocurred after a few centimeters of concrete failure T1, which started from the loaded

end of the bond length.

There was a clear dependence of the failure type on concrete strength. In concrete B25, 85% of
all failures were of the Type 1 over the full bond length and 15% were a combination of T1 and
T2, with T1 starting at the loaded end, as described above. In concrete B55 the combination

T1/T2 with 95% clearly prevailed.
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For the comparison of Holzenkdmpfer's Eq. (2) with the test results, the actual concrete s surface
tensile strength f,,;,, was determined on the bond test specimens. Then, the dependence of the
fracture energy had to be determined. Evaluation led to the following equations:

Temma= 0,75 ky b yEtf,, [N] @)
Et

legma= (| 5

Ct,max 1, 43 fm [mm] ( )

Fig. 4 shows the measured ultimate bond forces exp T, plotted against the calculated ultimate
bond forces cal T,. For bond lengths 1, with 1< 1 , the ultimate bond force was calculated

Ct,max
according to /4/:
It 1!
TCm = TCm,mnx 2- (6)
]‘Ct.mlx . 1Ct,::mm

The calculated values reasonably agree with the measured ones. In Fig. 5 the normalized
measured and calculated ultimate bond forces, dependent on bond length are shown. The relative
good agreement for most cases as well as the fact, that there exists a maximum ultimate bond
force can be seen.
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Fig.4 Calculated and measured ultimate bond forces
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Fig. 5 Calculated and measured ultimate bond forces, dependent on the bond length

6 Conclusions

The engineering of Holzenkdmpfer is also valid for CFRP-plates. The test results indicated, that
this not only applies to plates with a complete failure in the concrete subbase but also to plates
with a combination of concrete- and interlaminar plate failure. Despite of the different failure
types the same fracture mechanism, dependent on the fracture energy, seems to be responsible
for the start of a bond failure. The interlaminar plate failure is probably a secondary effect,
caused by high local tensile stresses (peeling effect).

The modified formula for the ultimate bond force is an appropriate tool for the design of the plate
end anchorage. It should be mentioned, that despite some previous research, there are some more
mmportant questions about the bond anchorage of CFRP-plates to be solved, e.g. the beneficial
effect of plate stirrups on the ultimate bond force and the negative effect of vertical
displacements of shear cracks.
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Summary

Carbon fibre reinforced plastics (CFRP strips), are used ever more for the strengthening of
concrete structures. The particular characteristics of CFRP strips, the most important
properties of the epoxy adhesive as well as the application are described in this paper.
Particular attention is given to quality assurance aspects. Application examples show that
strengthening with CFRP strips is particularly well suitable for bridges.

1. Introduction

Maintenance, rehabilitation, transformation and extension of existing structures becomes ever
more important in times when the number of new structures decreases. Investments for
renovation of existing structural substance have kept increasing for the last 10 years. Intensive
usage, manifold environmental influences and ageing affect the fitness for use and safety of
structures. The main reasons that non-corroding CFRP strips have lately been used more and
more often for strengthening work, are the ease of handling and the efficiency of application
of the feather-light and flexible material.

2. CFRP strips

A CFRP strip, 50 mm wide and 1,2 mm thick, consists of 2,5 million carbon fibres with a
diameter of one five thousandth of a millimetre. The fibres are aligned lengthways parallel by
pulltrusion and bonded together with epoxy resin. The dispersion of the values of the tensile
strength is small because of the large number of unidirectional fibres. Whenever a fibre in a
strip breaks the remaining fibres remain intact and the rupture does not propagate as in a
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homogeneous material. The embedding of the carbon fibres in the epoxy matrix assures that a
broken fibre has full load bearing capacity again at few millimetres both sides of the rupture.
CFRP strips behave linear-elastic up to the point of failure. Using different carbon fibres
allows to manufacture CFRP strips with different modules of elasticity.

For the time being, three different types of CFRP strips are used. They are available in
different widths between S0 mm to 120 mm and thickness of 1,2 mm and 1,4 mm.

Sika CarboDur S Sika CarboDur M Sika CarboDur H

E-modulus 155'000 N/mm? 210'000 N/mm? 300'000 N/mm?
Tensile strength >2'400 N/mm? >2'000 N/mm? >1'400 N/mm?
Elongation at break  >1,9% >1,1% >0,8%

The chemical resistance of CFRP strips against pollutants generally present in the
environment of structures is very good. The carbon fibres and the epoxy matrix are long-time
resistant against concrete pore water, de-icing salts and hydrous acid solutions.

3. Epoxy adhesive

Two component epoxy resin systems are particularly well suitable for the bonding of CFRP
strips to concrete, steel wood or bricks. This type of adhesive has very high mechanical
strengths as well a good chemical resistance against aggressive media. Good wetting
properties on concrete, wood etc. assure good bond characteristics.

The function of the adhesive layers is above all to transfer the forces acting onto the joined
elements. Of particular importance is the elimination resp. the reduction of stress peaks. The
more a layer of adhesive is able to level such stress peaks, the greater the load transferring
portion of the bonded area will be.

The following properties are important for high strength structural bonding:

High bonding forces onto elements to be joined.

High cohesive strength of the adhesive.

Low tendency to creep under permanent load.

Good resistance against humidity and alkalinity.

Epoxy resin adhesive layers, thanks to their dense cross linking, meet above listed criteria

very well.
Only high-quality epoxy resin adhesives should be used for the bonding of CFRP strips.

4. Application of CFRP strips

The purpose of substrate preparation is to provide optimal conditions for maximum bond with
the epoxy adhesive. The removal of foreign matter and laitance is above all important.
Preparation of the substrate can be carried out applying the following methods:

Sand blasting (best method).

Bush hammering.

Grinding.

High pressure water blasting (atiention: moisture).
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CFRP strips should be applied at temperatures between +10°C and +35°C. The different
application steps are as follows:

Reprofiling of defective and uneven areas with epoxy mortar the previous day.
Visual checking of the strips for mechanical damages.

Checking the straightness of strips to be placed side by side.

Checking the length of the CFRP strip against the length of the structural part to be
strengthened.

Cleaning of the strip's face to be bonded.

Delimitation of the concrete surface to receive the adhesive with masking tape.
Mixing of the epoxy adhesive.

Application of a scrape coat of epoxy adhesive by steel trowel.

Removal of the masking tape.

Application of the epoxy adhesive in roof shape onto the CFRP strip.

Placing of the strip onto the epoxy coated concrete and fixing by slight finger
pressure.

Pressing-on of the CFRP strip with a roller.

Removal of excess adhesive.

The rigidity of the CFRP strips is such that they cannot be rolled-on onto excessively concave
uneven areas. The thickness of the adhesive layer should in the average be 3 mm, minimum 1
mm, maximum 5 mm. '

5. Strengthening of three bridges in Dresden

The three, almost 70 years old bridges near Dresden, suffered from heavy damages of the
concrete cover and severe corrosion of the reinforcement steel. New structural analysis
showed that, to recover full bearing capacity, structural strengthening was necessary besides
extensive concrete repair and rehabilitation work.

To get the approval for the strengthening with CFRP strips for this particular case, tests have
been carried out at the Technical University of Braunschweig with a steel reinforced concrete
beam on a scale of 1 : 4. The main parameters, such as the shear and bending strengthening
factors, elongation of the CFRP strip at the point of failure as well as the stresses in the inner
reinforcement bars under dynamic load corresponded to the conditions existing in the real
structure. The supposed 30% loss of steel-section of the reinforcements in the flexural tensile
zone required a flexural tensile strengthening factor of ng = 1,98.

After loading in steps up to aload F =45 kN, the beam has been subjected to 2 million load
alternations. After this, the loading was increased up to failure.

The calculated values and the values resulting from the tests are as follows:

calc. Mg [kNm] . | req. My [kNm] req. s exp. M,,[kNm] actual ng
calculated oa the base of uhimate design Joad. strengthening factor. | bending moment. strengthening
measured materials factor.
characteristics before
| streagthening.
167 331 1,98 350 2,10

The test was able to prove that the method of strengthening with CFRP strips is suitable for
the bridges in question. The stability and fitness for use for the intended usage of the three
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bridges can be restored in full. According to the tests, a sufficient ductility of the structure is
assured.

6. Strengthening of the Rhine bridge Oberriet-Meiningen

Extensive rehabilitation work had to be carried out on the bridge, built in 1963, crossing the
border between Switzerland and Austria. Thorough investigations, including structural
analysis according to today's SIA standards, had shown that the bridge deck was in need of
transversal strengthening. In order to assure structural safety for today's traffic loads, it was
decided for one thing to increase the compression zone of the bridge deck and for another to
strengthen the tension zone with CFRP strips.

in_the span 92.60 over the piers
35, 120 T 3.25 ? 325 o 120 35
Strengihening bridge deck I Sirengthening with normal steel,
by odding new concrete ‘ embedded in the added concrefe
| 2% s
; 2% — B
. o
l —
Ly
i
Strengthening bridge deck Sheor conneclors
with CFRP - sirips g=16mm
i b*80mm, L=4200mm, ex750mm 1
. I .
230 } 500 } 2.30 ‘

Fig. 1 Cross-section

By adding 8 cm height to the deck, it was possible to remove the chloride contaminated
concrete layer by high pressure water blasting and replace it. The structural safety of the deck
slab was insufficient, between as well as over the girders. The zones with negative bending
moments have been strengthened with conventional steel S 500 embedded in the added
concrete. The tension zone has been strengthened with CFRP strips 80 mm wide, 1,2 mm
thick. A total of 160 strips, about 4,20 m long have been bonded at 75 cm intervals. The total
strengthening factor of 2,4 is the result of added concrete (factor 1,4) and CFRP strips (factor
1,7).
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Fig 2. Transversal bending moment in bridge deck

7. Quality assurance

After preparation of the substrate, the surface is inspected visually for weak areas, inclusions
in the concrete and cracks. The evenness of the concrete surface is checked with a metal
batten and unevenness should not exceed 10 mm on a length of two metres.

Tensile bond strength of the concrete surface is measured by pulling off glued-on steel disks.
Before starting bonding operations, ambient temperature, relative humidity of the air, dew
point, temperature of concrete and CFRP strips as well as humidity of the concrete have to be
measured in order to prevent imperfect bond of the adhesive due to humidity.

During bonding operations, at least 2 prisms 40 x 40 x 160 mm of the epoxy adhesive used
have to be prepared per day for later testing of compressive and tensile bending strength. For
each different batch of adhesive used within one day, two additional prisms have to be
prepared and tested.

The quality of the bond of the applied CFRP strips is of utmost importance. Therefore, for
testing purposes, some CFRP strips, longer than required by the design, are applied. Tensile
bond strength tests can then be performed on this additional length. This method allows to
spread the testing over a period of years.

All CFRP strips have to be checked for hollow spots by careful tapping. Concave bends may
not exceed 10 mm on a length of two metres. There is no objection to convex bends pressing
the strip under traction against the concrete.
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8. Conclusions

Intensive usage, manifold environmental influences and ageing affect the fitness for use of
structures and their structural safety. CFRP strips, because of their outstanding properties, are -
used more and more for strengthening work. Their excellent long-time resistance, high
corrosion resistance and light weight are particularly worth mentioning. These properties as
well as the efficient way of application, the ease of executing crossings, the absence of
construction joints are advantages outweighing the relatively high costs of the material. The
two reported examples show that this method of strengthening is very well suitable for the
strengthening of bridges.
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Summary

The paper presents a systematic analysis for the short-term strength of masonry walls strengthened
with externally bonded fibre reinforced polymer (FRP) laminates, under monotonic out-of-plane
bending, in-plane bending and in-plane shear, all combined with axial load, within the framework
of modern design codes such as Eurocode 6. The results are presented in the form of both design
equations and normalized interaction diagrams.

1. Introduction and background

Many of the masonry structures throughout the world (including several of considerable historical
and architectural importance) have suffered from the accumulated effects of inadequate
construction techniques and materials, seismic and wind loads, foundation settlements and
environmental deterioration, and are structurally deficient or marginal for current use. In addition
to these factors, changed usage and more stringent seismic design requirements have resulted in
many masonry structures being designated in need of upgrading through strengthening.
Traditional methods, such as reinforced concrete or shotcrete jacketing, for strengthening of
masonry structures, suffer from a few disadvantages (considerable additional weight, change of
dimensions, increased labour costs, obstruction of occupancy and violation of aesthetics), so that
researchers have recently looked at other techniques, involving the use of fibre reinforced polymer
(FRP) composites. These materials, which are typically made of carbon, glass or aramid fibres,
bonded together with a polymeric matrix (epoxy, polyester, vinylester), offer the designer an
outstanding combination of properties, including high strength and stiffness in the direction of the
fibres, immunity to corrosion, low weight and availability in the form of laminates, fabrics and
tendons of practically unlimited lengths.

Past studies related to the use of composites as strengthening materials of masonry are reported in
[1-7]. These materials have been examined in the form of either unbonded tendons [1-2] or
epoxy-bonded laminates or fabrics [3-7]. The last concept involves bonding of FRP strips or
fabrics to the surface of masonry walls, playing the role of tensile reinforcement; the concept has
been verified experimentally and applied successfully to strengthen some of the load-bearing walls
of a six storey residential building in Zurich [4]. The results obtained from the above studies point
to the conclusion that for the sake of both economy and optimum mechanical response,
unidirectional FRP reinforcement in the form of laminates (or fabric strips) is preferable than two-
dimensional fabrics which cover the whole surface of masonry walls.

In this study, the author aims at contributing to the development of a basic understanding of the
mechanical behaviour of unreinforced masonry walls strengthened with externally bonded
composite laminates (or fabric strips) using simple modelling, consistent with the approach of
Eurocode 6 for masonry structures. The three most common cases of masonry loading are
analyzed, namely: out-of-plane bending, in-plane bending and in-plane shear (with axial force in
all cases).
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2. Analysis
2.1 Out-of-Plane Bending With Axial Force

Consider first the case of a masonry wall of length £ and thickness t, subjected to compressive
force Nrg and bending moment My Rd inducing out-of-plane bending. The wall’s tensile face is
reinforced with epoxy-bonded FRP laminates with area fraction equal to Qy and gy, in the
longitudinal and transverse direction, respectively. The area fraction in one direction is defined as
the total cross-sectional area of FRP in this direction divided by the corresponding area of the wall.

Hence Qv is equal to Afp v/€t, where Afp v = cross-sectional area of FRP in longitudinal direction.
The FRP laminates have Young’s modulus Egrp, characteristic tensile strength (that is, with a 5%
probability of under-strength) ffrp k and ultimate tensile strain € y; and the masonry has
characteristic compressive strength fic and ultimate compressive strain ep1y. As far as stress-strain

relationships are concerned, the FRP is considered linear-elastic to failure and the masonry is
idealized according to the rectangular compressive stress block approach. The partial safety

factors for masonry and FRP are denoted as Ym and Yfp, respectively. Further assumptions are

that plane sections before bending remain plane after bending and that the tensile resistance of the
masonry, the adhesive and the FRP in the transverse direction may be neglected.

Typically, failure of the FRP-strengthened masonry will be due to compressive crushing, unless
the longitudinal reinforcement area fraction, Qy, is very small. In the latter case, FRP fracture will
preceed masonry crushing, and thereafter the wall will behave as unreinforced. The limiting Qy
value, Qv lim, for such a mechanism to be avoided, is obtained by considering the strain and stress
distribution in the cross section, as shown in Fig. 1, with efp = Efrp.u and Efpefrp = frp x/Ysrp-

Force equilibrium and strain compatibility give the following equation for the limiting FRP area
fraction:

oo MaB o _nplos 1 Ny
fk sfrp,u YM (1+Efrp’u/€M,u) ttfk

Next, provided that @y 2 Qv 1im. the bending capacity of the cross section can be obtained by
considering compatibility of strains and equilibrium of internal forces and moments, as shown in
Fig. 1. The result is given in the following form:

(D

1-x/t
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As seen in Fig. 2 (based on YM = 2.5 and &fp u/EM,u = 4), for low to moderate axial load levels,
the bending capacity increases with the normalized FRP area fraction . Such an increase may
vary from quite dramatic to negligible, depending on the axial load; and for values of w exceeding
approximately 0.5 it is, in most cases, negligible. It is also quite interesting to note that for high
axial load ratios (exceeding aproximately 0.3) the bending capacity decreases as w increases. It
may be observed in Fig. 2 that the upper curve, corresponding to zero axial load, does not
continue all the way to ® = 0. The missing part is associated with FRP fracture before crushing of
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the masonry. The limiting value of  at the transition between the two failure modes is 0.016. As
given by (1), such limiting values do not exist for Nrq/£tfx > 0.064. Hence it may be concluded
that, for practical axial load levels and FRP area fractions, premature FRP fracture is highly
unlikely to occur. In addition, Fig. 2 in combination with (4) reveal that for a given masonry
material the effectiveness of the strengthening technique, that is the increase in out-of-plane
bending capacity, depends on the product EgpQy; very stiff laminates, such as CFRP, are much
more efficient than others of lower stiffness, such as GFRP.
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Fig. 1 Strain and stress distribution at Fig. 2 Out-of-plane moment capacity versus
out-of-plane flexural failure normalized FRP area fraction

2.2 In-Plane Bending With Axial Force

Consider next the case of the FRP-strengthened masonry wall under in-plane bending moment
M; rg with axial force Ngg. The longitudinal tensile reinforcement is assumed to be in the form of
n laminates of cross-sectional area A; each, at an equal spacing s. Here, too, failure will be due to

compressive crushing, unless: (a) Qv is very small, which will result in premature FRP fracture
(this is highly unlikely); (b) the laminates’ bond development length is too short, which will result
in shearing of the FRP in the tension zone (peeling-off) directly beneath the bond. Quantification
of the peeling-off failure mechanism is not attemnpted here. Note that for the rather limited cases
where in-plane flexural failure preceeds in-plane shear failure (long and narrow, as opposed to
squat elements), the geometry of masonry walls will most likely be such that the development
length will be sufficiently large, so that failure will be dominated by compressive crushing.

The limiting @y value, Qv Jim. for premature FRP fracture to be avoided, is obtained by considering
the strain and stress distribution in the cross section, as shown in Fig. 3 (with €y = €grp ). It can
be shown that force equilibrium and strain compatibility give the following equation for the
limiting FRP area fraction:

Wlim vJim= ( (5)

ol o (erl)  J0der) 1 N
i Ef1';).11/"3M,11-'g) YM (1+£f1.p.u/sM,u) £ify

Under the assumption that Qv = Qv lim, the bending capacity of the cross section can be obtained
from strain compatibility and equilibrium of internal forces and moments, according to Fig. 3.
After proper manipulations, the result is obtained in the following form:

te2fy 12(n - 1) x/ £ ym!

Mg (0+18° 1 0.4x(
t

1- 0.85) 6)

where
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Fig. 3 Strain and stress distribution at Fig. 4 In-plane moment capacity versus
in-plane flexural failure normalized FRP area fraction

As Fig. 4 shows, the bending capacity, in general, increases almost linearly with the normalized
FRP area fraction w (and, for a given masonry material, almost linearly with EfpQy), and is

considerable, regardless of the axial load level. For a given w, higher values of moment capacity
are possible as the axial load increases, but this dependence is weak.

Examination of (6) shows that the number of laminates plays an important role in mechanical
response. For the same area fraction, the reinforcement’s effectiveness increases by decreasing
the number of laminates; using two laminates as far apart as possible results in the highest increase
in bending capacity. Note that the last statement is not valid in the case of steel-reinforced
masonry, where the in-plane moment capacity is almost independent of whether the reinforcement
is uniformly distributed along the wall or concentrated near the ends.

2.3 In-Plane Shear With Axial Force

Last, we examine the case of FRP-strengthened masonry walls under in-plane shear Vg4 with
axial force Nrg. According to Eurocode 6 [8], the analysis and design of reinforced masonry in
shear is based on the assumption that the total contribution to shear capacity is given as the sumn of
two terms, similarly to reinforced concrete. The first term, Vg4, accounts primarily for the

contribution of uncracked masonry, while the second term, Vg, accounts for the effect of shear
reinforcement, which is usually modeled by the well-known truss analogy:
0.3fytd

Y™

VRd = VRa1 + VRa2 € (8)

where Vg = fytd/ypm and d is the effective depth. For masonry walls with several layers of
reinforcement, as in our case, d can be taken approximately equal to 0.8¢ [9]. f, is the
characteristic shear strength of masonry, given as:

. N
fx = min [kao + 0.4%, 0.7fyk jim » 0.7max{0.065f;, f‘,ko)]

. N
= min (kao + 0.4%", fox max) C))
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where: f,},, the characteristic shear strength of masonry under zero compressive stress, is
between 00.1-0.3 MPa (the lower limit applies in the absense of experimental data), depending on
the type of masonry units and the mortar strength; fuk lims the limiting value of fyx, is in the order
of 1.0-1.7 MPa, depending on the type of masonry units and the mortar strength; f;,, the
normalized compressive strength of masonry units, is equal to a size factor (between 0.65-1.55)
times the mean compressive strength of masonry units; and the factor 0.7 applies only in the
(usual) case of seismic design. Note that if strengthening is applied in the absense of full repair,
that is in the case of damaged (diagonally cracked) masonry walls, the value of f i should be taken
lower than that given by (9). Such a reduction depends on the degree of damage, and can only be
estimated on a case by case basis.

The contribution of FRP reinforcement to shear capacity is more difficult to quantify. One
assumption made here is that the contribution of vertical FRP reinforcement, which provides
mainly a dowel action effect, is negligible. This can be justified by the high flexibility of the
laminates, in combination with their local debonding in the vicinity of shear cracks. The only
shear resistance mechanism left is associated with the action of transverse laminates, which can be
modeled in analogy to the action of stirrups in reinforced concrete beams. Adopting the classical
truss analogy, it can be shown that the contribution of transverse FRP to shear capacity is:

i 0.7
VRaz =onEirp| 1—22 £0.9d = ——0 Eprp Erp 01 (10)
Yfrp Yirp

where r is a reinforcement efficiency factor, depending on the exact FRP failure mechanism (FRP
debonding or tensile fracture), Yy, the partial safety factor for FRP in uniaxial tension is
approximately equal to 1.15, 1.20 and 1.25 for CFRP, AFRP and GFRP, respectively [2], and
Efrp e 18 an effective FRP strain, the only unknown yet to be determined for completing the analysis
on FRP contribution to shear capacity. Qualitatively, one may argue that ey, o depends heavily on
the area of the FRP-masonry debonded interfaces, or, in other words, on the FRP development
length, defined as that necessary to reach FRP tensile fracture before debonding. Apart from the
bond conditions, the development length depends (almost proportionally) on the FRP axial rigidity
(area times elastic modulus), expressed by the product onEgy,. Hence, one would roughly expect
Efyp,e 10 be inversely proportional to QyEf,. The implication of this arguement is that as the FRP
laminates become stiffer and thicker debonding dominates over tensile fracture and the effective
FRP strain is reduced.

From all the above, we can finally write the shear capacity of FRP-strengthened masonry as:

M:%mm fuko +0.4NRd fvk max 7 0.7 oy Efpe < 0.25 an
fklt  YMm f felt Yip €My YM

where wy, = € yEfpOn/fk- The expression for egy, o has recently been obtained for concrete

members strengthened with FRP in shear in [10]. The same expression is adopted here for
masonry structures, and given below:

2
€frpe = 0.0124 - 0.0214{op Egp )+ 0.0107( 0 Efrp ) (12)
where Egy, is in GPa.

To obtain a better insight of the FRP contribution to the shear capacity of masonry walls, the
results given above are presented in Fig. 5 for typical cases of material properties, as follows: gy,
=0.0035, ym = 2.5, fy = 5 MPa, Ygp = 1.15, fygo = 0.2 MPa, fyx max = 0.5 MPa (Fig. 5a) and
fuk,max = 1.0 MPa (Fig. 5b). It is demonstrated that, depending on the axial load level, the
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increase in shear capacity due to the external reinforcement can be high, and that it reaches a cut-
off value at relatively low values of wy,, corresponding to very low values of FRP area fractions.
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Fig.5 In-plane shear capacity versus normalized FRP area fraction

.

Conclusions

Strengthening of masonry walls with externally bonded FRP laminates appears to be an attractive
alternative to traditional retrofit techniques, especially in cases where implementation of such
techniques is impractical. The present study focused on establishing a systematic analysis
procedure for the short-term strength of FRP-strengthened masonry walls under monotonic out-
of-plane bending, in-plane bending and in-plane shear, all combined with axial load, within the
framework of Eurocode 6. It was shown that when out-of-plane bending response dominates,
which is typically the case in the upper levels of masonry structures (where axial loads are low),
the increase in bending capacity is quite high. Most important in the case of in-plane bending is
the area fraction and distribution of reinforcement: high area fractions of reinforcement placed near
the highly stressed zones give considerable strength increases. Finally, the in-plane shear capacity
of FRP-strengthened walls can be quite high, too, especially in the case of low axial loads.
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Summary

Two 60 year old, adjacent residential buildings in the city of Zurich, Switzerland, are converted
into an office building. Major changes to the structural system were necessary; in particular, some
load bearing walls had to be replaced or reinforced to resist potential earthquake forces. The
reinforcement is carried out by carbon fiber reinforced plastic sheets (CFRP), which are glued to
the existing shear wall and anchored in the RC-slabs. The efficiency of this system was confirmed
by the Swiss Federal Laboratories for Materials Testing and Research EMPA.

1. Introduction

In recent years, engineers are more often faced with the reconstruction or upgrading of existing
buildings rather than designing new ones. Although it would be more economical in some cases to
replace a building completely, city planning regulations and historical reasons do not allow to do
major changes to many buildings, especially on facades. As most of the older buildings are not
designed to resists earthquake forces, architects and engineers are challenged to find economical
solutions to make structural systems and the structural elements earthquake-resistant. Especially
when the usage of a building is changed from living to office space and shopping areas, major
changes of the structural system are required. Consequently, old structural elements are replaced
by new ones, or they have to be strengthened. In many cases it is desirable to maintain as many
old structural elements as possible if they can be strengthened economically, i.e. without undue
interference with other remaining structures or the usage of space.

In the city of Zurich, two adjacent 60 year old residential buildings of 6 storeys are converted into
one office building. Major structural changes are necessary. Old wooden slabs are replaced by
RC-slabs. Load bearing masonry walls are partly eliminated and replaced by new ones. Some of
the remaining load bearing masonry walls are strengthened by using carbon fiber sheets, so that
the earthquake load can be resisted. The carbon fiber sheets are glued to the masonry wall and
anchored in the slab. This strengthening method has been tested in full scale tests at the Swiss
Federal Laboratories for Materials Testing and Research EMPA. These tests showed a significant
increase in strength and ductility of the CFRP-strengthened masonry wall elements [Schwegler G.
1994a]. As it is easy to apply and economical, this strengthening method is very promising.
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In the following, the application of the above mentioned method of strengthening masonry walls
by CFRP-sheets is demonstrated [Ernst Basler & Partners Ltd., 1995].

2. Reconstruction Project

Two adjacent residential buildings are functionally joined so that they can be used as offices
(Figure 1). All structural elements are affected by this conversion. Only a small number of them
remains more or less untouched. All inner walls are removed. The outer wall on the rear side of
the building is replaced by a light weight construction. The facade looking onto the main street
(called Miihlebachstrasse) has to be retained. However, in the center part a large window is
created (Figure 2). On the ground floor level, the load bearing walls are replaced by a new
arrangement of columns to create shop windows (Figure 3). The fire protection walls separating
the neighbouring buildings remain.
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These major changes to the structural system lead to a markedly different dynamic behavior than
before. Both the stiffness and the strength have thus been altered, which had to be considered in
the design against earthquakes.

3. Earthquake Resistance

The major horizontal earthquake forces act at the floor levels. The floor slabs have to be stiff and
strong enough to transfer these forces into the shear walls, from where they are carried to the
foundation. In the transverse direction of the building, the lateral resistance is provided by the
shear walls of the stair case, the fire protection walls of the elevator shaft and by the double
masonry wall to the adjacent buildings. In this direction, the stiffness, mass and strength are more
or less symmetrically arranged (Figure 2).

In the longitudinal direction there are two load resisting walls in the center of the building from
the 1st to the 4th floor. On the ground floor level, one of these two walls is replaced by an
eccentric wall in the facade. Should it come to an earthquake, this leads to significant torsion in
the longitudinal direction. To balance this torsion, the structural elements in the transverse
direction need to be taken into account.

The existing wooden floor slabs are not rigid and not strong enough for the lateral load transfer
and have thus to be partly replaced by RC-slabs. The large lateral forces on the shear walls of the
elevator shaft required a strengthening which was done using carbon fiber sheets.

4. Characteristics of the CFRP Strengthening Material

The CFRP-sheets are a combination of unidirectional high strength carbonfibers and of an epoxy
resin matrix. This leads to a material of high strength and stiffness. CFRP-sheets are produced in
strands of unlimited length by the pultrusion-process and delivered to the site of application in
rolls.

CFRP-sheets have major advantages over sheets made of steel. CFRP-sheets are superior with

respect to corrosion, fatigue behavior and strength. In addition, they are light and easy to handle
and simple in the application.

The most relevant material characteristics of the CFRP-sheets are shown in table 1.

Type of Ultimate tensile strength  Young’s Modulus  Ultimate tensile strain
strengthening
material Ou| [N/mm?] E ; [N/mm?] &u) [Y0]
C-Fiber T700S 2400 155’000 1.90
steel 235 210’000 > 5%

Table 1: Major material properties of CFRP-sheets as compared to steel-plates
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Compared to steel, CFRP shows linear elastic material properties, and the ultimate tensile strain
of the applied CFRP-sheets amounts to €, = 1.9%. These material properties have to be taken into
account during the planning process. The large scale tests conducted at EMPA show that with an
appropriate distribution of the CFRP-sheets on the masonry wall, considerable system’s ductility
can be achieved [Schwegler G., 1994a, 1994b].

5. Application of the CFRP-Sheets

Before gluing the CFRP-sheets to the masonry walls, the substrate has to be freed of all lose or
unsound particles, such as rendering and plaster materials, or paints and wallpapers, etc. In order
to obtain a perfect straightness in the final position, all protruding surface points have to be
chipped off and all survace depressions leveled out with epoxy adhesive. After applying the
special epoxy adhesive to both contact surfaces, the CFRP-sheets are then fixed to the masonry
wall with light hand pressure, and full contact is ensured by further pressure application with
simple rubber rollers (Figure 4).

The CFRP-sheets are anchored in the
adjacent RC-slabs and -walls. Thus stress
concentrations in the masonry walls are
thereby avoided. For each anchorage, a
cavity is worked into the concrete, or core
drillings are carried out. Next, the ends of the
sheets are equipped with an adhesive bridge
and fed into the cavities or drilling holes,
before filling the holes with liquid epoxy-
mortar. Thanks to this new anchorage
technique, only a very short length is needed
to anchor the forces in the concrete (Figure
5).

plastic stirrups
odhesiv bridge

2I0KHHHXS
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L CFRP-sheet ——
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min.25cm

Figure 5:  Anchorage of the CFRP-sheets in the Figure 4:  Distribution of CFRP-sheets on masonry
concrete

shear wall

In order to limit the amount of work, the CFRP-sheets are only used on one side of the load-
bearing wall. The tests at EMPA have shown that the resulting eccentricity only causes negligible
effects on the strength of the shear wall.
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6 Dimensioning of Reinforced
Shear Walls

For dimensioning a CFRP-reinforced P N
shearwall, the method of “stress-fields* can s N
be used [Muttoni A., Schwartz J, e \l
Thiirlimann B., 1988]. This method allows = o
to estimate the shear wall resistance easily f ;
and with sufficient accuracy. The flow of I
the forces in the shear wall can be :
|
|
|
!
|
3

described by using truss models. The
forces of each strut of the truss model
correspond to the resulting inner
forces. These resultants are then converted [
into static equivalent stress-fields. In figure !
6, the course of the stress-field inside the I
CFRP-reinforced masonry walls is !
pictured. To keep the illustration simple, ; NG
only one symmetrical half of the stress- :L ______ !
fields is shown. | & ]
' | !’ ij
| 4
|

The horizontal forces that are acting at the
floor levels together with the vertical T —————1 ] ot
forces in the load bearing walls lead to
diagonal stress-fields which carry the
compressive forces. The tensile forces are == —
carried by the CFRP-sheets. The stresses t f m
of a stress-field are uniaxial on their whole

length. In the areas of application of — resultant tensile forces
forces, referred to as knots, the state of = resultant compressive forces
stresses is biaxial. All other areas are free o knols

from stresses. Figure 6:  Stress-field of the CFRP-reinforced load

bearing masonry wall

The angle between the CFRP-sheets and
the vertical line should be chosen as large
as possible to increase the lateral resistance. The dimensioning of reinforced load bearing masonry

walls using the method of stress-fields is described more detailed in [Muttoni A., Schwartz J.,
Thiirlimann B., 1988] and [Schwegler G., 1994a].

7 Conclusions

The application of CFRP-sheets to the existing load bearing masonry shear wzll significantly
increased its lateral resistance and ductility. Alternative methods such as reinforced shotcrete or
the replacement of the wall would have been more expensive. Besides, strengthening by
reinforced shotcrete would have lead to an additional thickness of 700 mm, which for
architectural reasons would not have been acceptable.

The CFRP reinforcing method for masonry walls proves to be a very efficient method in the field
of earthquake resistance design, as it is economical and easy to apply.
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Summary

Recent developments in new bridge systems using advanced composite (polymer matrix
composite) materials and manufacturing technologies have shown that while these new bridge
systems are technically feasible, they are not yet economically competitive. However, the
combination of these new advanced composite materials with conventional structural materials such
as concrete and steel can result in new composite design and construction concepts which are both
structurally and economically efficient.

1. Introduction

Deterioration of our aging bridge inventory, wear from service and environmental loads, as well as
ever increasing allowable or legal loads require accelerated rehabilitation and renewal programs to
maintain even current service levels on our bridge infrastructure network. Demands for longer
service life, increased durability and reduced maintenance have prompted a new look at advanced
composite materials such as glass, aramid and carbon fibers embedded in a polymer matrix to
provide due to their chemical inertness, high mechanical characteristics, and light weight, some of
the above performance requirements.

To date advanced composite materials have been used very effectively in the repair and
strengthening of existing concrete bridges and in the seismic retrofit of bridge columns, bridge
superstructures and shear walls. The main advantages are derived from the light weight of these
new materials in the form of easy handling during installation at insignificant increases in weight
and structural dimensions. The strengthening applications to date consist either of epoxy bonding
of cured pultruded laminates [1] or of wet lay-up fabrics onto the concrete substrate [2], creating a
new composite structure.

Attempts to manufacture complete advanced composite replacement members or complete bridge
systems [2, 6] have shown that all-advanced composite structural systems are certainly feasible
with current materials and manufacturing technologies, but while technically sound and structurally
reliable these new members or systems have, economically, a difficult time to compete with
conventional construction costs on a first cost basis as long as no provisions are made for
increased durability and reduced maintenance and with it for overall reduced life cycle costs. In
comparison with conventional structural materials, advanced composites have high material to
labor cost ratios which, even with significant efforts in manufacturing automation, can only be
reduced final costs nominally.

Recent developments have focused on new hybrid systems which combine the advanced composite
materials with conventional construction materials such as the concrete filled carbon shell system
(CSS) and conceptual design and optimization studies have shown that even on a first cost basis
these new bridge systems can be cost competitive with conventional bridge construction. The
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developments and application of advanced composites in new composite construction applications
in bridge infrastructure retrofit and renewal are discussed in the following.

2. Advanced Composites for Bridge Rehabilitation

The rehabilitation of existing bridge structures to eliminate structural deficiencies and to provide
extended and increased service capacities can be required in the form of repair of damaged regions,
strengthening of substandard components, or retrofit for increased seismic response capacities. In
all three areas of rehabilitation, advanced composite materials have been shown to be structurally
efficient, easy to install and cost competitive with conventional rehabilitation concepts and
procedures, [1, 2]. ’

The addition of advanced composite strips or overlays to existing bridge decks, girders, or
columns results in a new composite action which to a large extent depends, in terms of
performance characteristics, on the polymer interface between the two materials, on the mechanical
characteristics of the substrate, i.e. the surface of the existing material, and on the environmental
and time-dependent compatibility of the two materials in terms of chemical interaction, differences
in thermal coefficients, and differences in time-dependent effects. The currently practiced “art” of
rehabilitation with these new materials needs to be developed into a “science” with established
design criteria and guidelines, validated application and quality assurance procedures, and a
properly designed and implemented instrumentation and monitoring program to provide the to date
uncertain long-term performance and durability characteristics.

At the University of California, San Diego (UCSD) comprehensive research efforts since 1993

[2, 3] into the use of advanced composite rehabilitation concepts for existing structural concrete
systems have resulted in (1) strengthening concepts for bridge decks and superstructures with
carbon fabric overlays for increased load capacities, (2) strengthening and retrofitting of pier walls
with carbon overlays for increased lateral in-plane and out of plane force and deformation
capacities, and (3) seismic retrofit concepts for columns through advanced composite jacketing for
increased structural ductility.

For example both full scale laboratory validation tests and field applications for Caltrans (California
Department of Transportation) on the I-10 Santa Monica Viaduct in Los Angeles, California, have
been successfully completed, see Fig. 1, demonstrating not only the technical soundness of the
new composite structure under extreme loading conditions but also the economical competitiveness
with conventional (steel or concrete jacketing) retrofit procedures.

N

a) Field Applicatio b) Full Scale Laboratory Testing
Fig. 1 Seismic Retrofit Application and Validation of a Continuous Carbon Fiber Jacketing
System for Two Column Bent on the Santa Monica Viaduct

wry
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For the advanced composite retrofit of structural concrete columns, comprehensive design
guidelines for (1) shear strengthening, (2) flexural plastic hinge confinement and column bar
buckling restraints, and (3) reinforcement lap splice debonding have been developed [3], as

summarized in Table 1, which shows the controlling proportionality relationships based on column

dimension D in the loading direction and the mechanical characteristics of the advanced composite
jacket system in the form of f;, ulimate jacket capacity, g, ultimate jacket strain and E; jacket
modulus in the hoop direction.

Table 1 Summary of Advanced Composite Jacket Thickness Relationships for Seismic Retrofit

Response Limit Shear Strength Plastic Hinge Lap Splice
State Enhancement Confinement Clamping
Composite Jacket 1 D D
: t s O tj ~ -Ce ty = =—IC
Thlcltcness "D E, I e ITE, ¢
i

In Table 1, C,, C_ and C, are design values based on relationships developed in [3, 4] for the
specific column geometry and seismic demand.

3.

Compelling arguments can be made for modular bridge deck replacement systems which are (1)
quick and easy to install to minimize traffic interruptions, (2) lighter than conventional concrete
decks to provide increased traffic load capacities and/or reduced seismic mass, and provide (3)
increased durability, reduced maintenance and longer life cycles.

Bridge Deck Replacement

In a joint research program between DARPA (Defense Advanced Projects Research Agency) and
FHWA (Federal Highway administration) modular advanced composites replacement bridge decks
with different cores and geometries were developed and tested at UCSD, see test matrix in Table 2.

Table 2 Advanced Composite Replacement Bridge Deck Test Matrix

=== —
Contgumion | BT S| LT | (ST | oy | B
Manufacturer § Dupont | Dupont | Dupont | Dupont | Lockheed- | Lockheed- | Core-Kraft | Northrop-
Martin Martin Grumman
Pultruded | Trapezoidal | Corrugated
Core § Balsa Foam Foam Foam Profiles Profiles Core Egg Crate
LxW Filled Filled Filled | with Face | with Face | with Face Core
Boxes | Truss Hat Sheets Sheets Sheets
Sub-
Component e ® ® ®
Shear
1m x 0.6m
Sub-
Component ® @ ®
Flexure
24m x 0.6m
Full Size
Double [ e ] ® e
Bending
43m x 0.6m
Prototype
Panel ® ® ®
46m x 2.3m

Note: Panel Depth D = 230 mm for all Test Specimens
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The large and full scale tests to date have shown that advanced composite replacement bridge decks
can be manufactured at prototype scale and (1) exhibit a design stiffness between the cracked and
uncracked stiffness of a reinforced concrete deck panel, (2) have strengths which exceed those of
an equivalent reinforced concrete panel by factors of 4 and more, (3) weigh 1/5 or less of the
weight of a concrete panel with the same depth, and (4) costs approximately 3 to 4 times the initial
cost of a cast-in-place concrete deck. However, no design optimization has been performed on
these panels since the primary objective to date was the manufacturability of full scale bridge deck
sections based on different structural cores and manufacturing procedures. Wear and durability
tests of advanced composite replacement deck panels are currently in progress in a roadway test
section exposed to regular traffic at UCSD.

4. New Bridge Systems

Research and developments to date on the use of advanced composites in civil engineering
construction have shown that cost competitiveness with conventional structural materials and
construction concepts is difficult to achieve with all-advanced composite structural systems due to
the high materials cost contribution. However, developments of new structural concept and
systems which combine the superior mechanical and chemical characteristics of strength in tension
in the direction of the composite fibers with dominant characteristics of conventional materials such
as compression in concrete to form a new type of composite structural system with great technical
and economic potential.

One such concept is that of a carbon or carbon/glass hybrid shell system for bridge columns,
wherein the use of prefabricated (filament wound) advanced composite tubes serve the dual
purpose of formwork for the concrete and reinforcement, see Fig. 2. The composite tubes feature
a ribbed inner surface for mechanical interlock with the infill concrete.

Concrete

Core
Ribbed Inner
Carbon Shell
Carbon Surface
Shell
Hoop (90°) and Isometric Representation
Longitudinal (10%) fibers of Stress Resultants

Fig. 2 Concrete Filled Composite Shell Concept

The concrete filled composite shell system replaces conventional reinforcing steel and formwork
while providing better confinement to the concrete core, increased durability and greatly enhanced
ease of handling and erection speeds. Initial tests on the system comprised of concrete filled
carbon shell cantilever columns, see Fig. 3, showed that design objectives of ductile response or
elastic strength can be achieved and compared favorably with the corresponding reinforced
concrete columns response.

The observed excellent structural response of the concrete filled carbon shell columns [5] allows
the development of complete composite bridge systems where concrete filled composite tubes are
employed as girders, beams and pylons as outlined in Fig. 4 on the conceptual design of a new
composite cable stayed bridge [6].

Leading up to a complete advanced composite cable stayed bridge, as shown in Fig. 4, simple and
continuous modular concrete filled composite girder bridge systems are currently under
development in a joint research effort with Caltrans and the Federal Highway Administration.



745

1780kN ‘1780"& ll?&OkN
1.07m 1.07m
I | { i
e R
HH 25mm 25mm
1l E Embedment of Embedment of E
3 CSS Jacket £ €SS Jacket £
2 5 @
-« -
s
E
g €SS Jacket: CSS Jacket
o E @© L]
o < 2| E &
E o m| = £
E wl 2 S
3 ©
B §10mm 610mm | <
© _s10mm core diam. core diam.
O|core diam.
0|
Transition Zone
==B8 25mm Gap Material
2252 1 1
e :
o SRASS ) ) M
1.68m 1.68m
1.68m
Drift Ratio AL (%) Drift Ratio A/L (%) Drift Ratio AL (%)
9 4 4 4 2 0 2 4 & 8 W 10 8 4 4 2 0 2 4 & 8 10 10 8 4 4 -2 0 2 4 € 8 10
500 ; — :
ha=1) 22639 32 1]
00 1 o |
s
200 4
250
200
5 100 128
§ it
0 (]
Pull
lqu -128
200
250
<300
378
400
500 -800 |
320 240 160 80 O 80 160 240 320 320 -240 160 80 0 80 100 240 320

Dispiacement (mm)

a) Conventional RC Column b) Ductile Design Concept

Fig. 3 Concrete Filled Shell Column Tests

Fig. 4 Advanced Composite Cable Stayed Bridge System

Displacement (mem)
c¢) Strength Design Concept



746 ADVANCED COMPOSITES FOR BRIDGE INFRASTRUCTURE REHABILITATION

For circular light weight concrete grouted hybrid tubes with 10 mm wall thickness and 2.4 m
center to center girder spacing, AASHTO HS-20/44 vehicular loading and a cast-in-place 200 mm
reinforced concrete deck, span ranges from 8 to 25 m can be achieved for tubes with 300 to 800
mm diameter, larger spans can be achieved with prestressing of the highly confined infill concrete.
Initial cost studies have shown that for carbon/glass hybrid tube construction cost-competitiveness
with conventional slab or slab and girder bridge systems can be achieved.

5. Conclusions

Based on the demonstrated technical advantages of advanced composite materials in civil
engineering applications of (1) high directional strength, (2) high chemical inertness, and (3) light
weight coupled with simplified construction, expanding future applications can be expected.
Particularly where new composite structural systems can be developed which combine inexpensive
conventional structural materials with new advanced composite materials cost competitive solutions
are possible.

The extent of these applications will depend on (1) the resolution of outstanding technical issues
such as repeatability in large component manufacturing, durability in the civil environrent,
reparability and recyclibility, (2) the extent to which automation in the manufacturing process can
reduce costs, and (3) the availability of validated codes, standards and design guidelines.
However, already the worldwide applications to date in bridge repair, strengthening and seismic
retrofit, have shown that advanced composites provide viable alternatives for bridge infrastructure
rehabilitation and extensions o new composite structural systems for complete bridge replacement
or infrastructure renewal are imminent.
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Summary

The excellent properties of the parallel wire bundles made of carbon fiber reinforced polymers
(CFRP) include corrosion resistance, very high specific strength and equivalent modulus and
outstanding fatigue behavior. The key problem facing the application of CFRP cables and thus their
widespread use in the future is how to anchor them. A new reliable anchoring scheme produced
with gradient materials based upon ceramics and epoxy and its application on a vehicular cable
stayed bridge is described.

Introduction

During the past 20 years, the bridge engineering community has experienced more and more
damage on stay and suspender cables. Cables are suffering due to increased corrosion and fatigue
loading. Most bridge engineers seem to agree that the corrosion and fatigue resistance of such
cables has to be enhanced. The introduction of carbon fiber reinforced polymers (CFRP) instead of
steel has been proposed since the early eighties [1]. From the lifetime point of view studies
indicated superior results for carbon fiber composites compared to aramid or glass. It was found
that the future potential of carbon fibers is highest [2].

CFRP Cables

There are commercial carbon fibers available with elastic moduli ranging from 230 to 650 GPa and
strengths from 3500 to 7000 MPa. The elongation at failure varies between 0.6 and 2.4 %. The
fiber mostly used within this study and for the bridge in Winterthur was the Torayca T 700S having
a strength of 4900 MPa, an elastic modulus of 230 GPa and an elongation at failure of 2.1%. The
density is 1.8 g/cm3. The axial thermal expansion coefficient is approximately zero.

CFRP wires are produced by pultrusion, a process for the continuous extrusion of reinforced
polymer profiles. Rovings (strands of reinforcement) are drawn (pulled) through an impregnating
tank with epoxy resin, the forming die, and finally a curing area. The fibers have a good parallel
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alignment and are continuous. The fiber volume content of the wires used in this study was in the
range of 65 to 70%. The axial properties of a CFRP wire (modulus, strength) can simply be
calculated with the rule of mixture. Measured properties are listed in Table 1. The wires used in
this project have diameters of 5 or 6 mm.

The cables are built up as parallel wire bundles. The principal objectives are minimal strength loss
of the wires in a bundle as compared to single wires. Since CFRP wires are corrosion resistant
there is no corrosion inhibiting compound or grout required. However, it is still necessary to
protect the wires against wind erosion and ultraviolet radiation attacks because the combination of
these two attacks could degrade the wires. A poly-tetra-fluoroethylene sheath would be adequate
for shielding.

Tensile strength 6, (longitudinal) 3300 MPa
Elastic modulus E (longitudinal) 165 GPa
Density - 1.56 g/em?
Fiber content 68 Vol-%
Thermal expansion (longitudinal) 0.2x 100 m/m/°C

Table 1: Properties of wires pultruded of T700S fibers

The Anchorage of CFRP Cables

The key problem facing the application of CFRP cables and thus the impediment to their
widespread use in the future is how to anchor them. The outstanding mechanical properties of
CFRP wires mentioned above are only valid in a longitudinal direction. The lateral properties
including interlaminar shear are relatively poor. This makes it very difficult to anchor CFRP wire.
The evaluation of the casting material to fill the space between the metallic cone of the termination
and the CFRP wires was the key to the problem. This casting material, also called load transfer
media (LTM) has to satisfy multiple requirements:

- The load should be transferred without reduction of the high long time static and fatigue
strength of the CFRP wires due to the connection.

- Galvanic corrosion between the CFRP wires and the metal cone of the termination must be
avoided. It would harm the metal cone. Therefore the L TM must be an electrical insulator.

The conical shape inside the socket (Fig. 1a) provides the necessary radial pressure to increase the
interlaminar shear strength of the CFRP wires. If the LTM over the whole length of the socket is a
highly filled epoxy resin there will be a high shear stress concentration at the loadside of the
termination on the surface of the CFRP wire. This peak causes pullout or tensile failure far below
the strength of the CFRP wire. We could avoid this shear peak by the use of unfilled resin.
However this would cause creep and an early stress-rupture. The best design is a gradient material.
At the loadside of the termination the modulus of elasticity is low and continuously increases until
reaching a maximum. This way a shear peak can be avoided. The LTM is composed of aluminum
oxide ceramic (AlpO3) granules with a typical diameter of 2 millimeters (Fig. 1b). All granules
have the same size. To get a low modulus of the LTM, the granules are coated with a thick layer of
epoxy resin and cured before application. Hence shrinkage can be avoided later in the socket. To
obtain a medium modulus the granules are coated with a thin layer. To reach a high modulus, the
granules are filled into the socket without any coating. With this method the modulus of the LTM
can be designed tailor-made. The holes between the granules are filled by vacuum-assisted resin
transfer molding with epoxy resin.
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The termination of a 19-wire-bundle is shown in Fig. 1a. Many such bundles were tested at EMPA
in static and fatigue loading. The results prove that the anchorage system described is very reliable.
The static load carrying capacity generally reaches 92% of the sum of the single wires. This result

is very close to the theoretically determined capacity of 94% [3]. Fatigue tests performed on the

above described 19-wire cables at EMPA showed the superior performance of CFRP under cyclic
loads [2]. The anchorage system is patented worldwide.

o 85

d 48
@ 120
o
)

Figure la: Conical resin-cast termination; HS=high stiffness,
MS=medium stiffness, LS=low stiffness; right side=loadside

HS MS LS
Figure 1b: . The load transfer media (LTM) is composed
of aluminum oxide ceramic (Al03) granules with a
typical diameter of 2 millimeters; HS=high stiffness,
MS=medium stiffness, LS=low stiffness;
right side=loadside
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The Stork Bridge

The Storchenbriicke, erected in 1996, is situated over the tracks of the railroad station in
Winterthur and has a central A-frame tower supporting two approximately equal spans of 63 and
61 meters (Fig. 2). The cables converge at the tower top and are rigidly anchored into a box
anchorage at the apex of the A-frame. The superstructure has two principal longitudinal girders
(HEM 550, Fe E 460) spaced at 8 m and supporting a reinforced concrete slab. At the anchorage
points of the stay cables there are cross girders (IPE 550, E 355). Longitudinal girders and
concrete slabs are connected with shear bolts and work as composite girder system.

T A+ A

! 63 m

.y

&

Figure 2: The Storchenbriicke is crossing 14 tracks over the railroad station in
Winterthur, Switzerland.

Bridge owner: Town of Winterthur

Design: Holtschi & Schurter, Ziirich,

Design and production of the CFRP cables: EMPA Diibendorf and BBR Ltd., Ziirich,
Installation of the cables: StahiTon Lid., Ziirich.

The CFRP cable type (Fig. 3) used for the Storchenbriicke (Stork Bridge) consists of 241 wires
each with a diameter of 5 mm. This cable type was subjected to a load three times greater than the
permissible load of the Storchenbriicke for more than 10 miltion load cycles. This corresponds to a
load several times greater than that which can be expected during the life cycle of the brtdge. The 2
CFRP cables with their anchorage and the neighbouring steel cables have been equipped by the
EMPA with conventional sensors and also with state-of-the art glass fiber sensors which provide
permanent monitoring to detect any stress and deformation. This arrangement also permits a
comparison between theoretical modelling and the reality of a practical application.

The cable-stay Storchenbriicke (Fig. 4) will certainly be a milestone in international bridge
construction, because CFRP cables do not simply have excellent behavior with regard to corrosion
and fatigue but are also five times lighter than steel cables but with the same strength properties.
This high strength with low weight will permit us to build bridges in future with considerably
longer spans than are currently possible {4, 5].
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Conclusions

Suspenders in suspension bridges are regularly replaced throughout the world. Stay cables caused
very high maintenance costs in the past 20 years. Many such cables are in need of replacement.
There is no doubt that from the technical standpoint CFRP is today the best suited material for
suspenders and stay cables. However, since initial cost is the major and often the only parameter
used by bridge owners in decision making, it is very difficult for CFRP to compete against steel.
Even if the carbon fiber price would decrease within the next five years to a level of 25 Swiss

Figure 3: The CFRP cable type used for the Storchenbriicke (Stork Bridge)
consists of 241 wires each with a diameter of 5 mm.

construction.
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Francs (18 US §) per kg (1 kg CFRP is 5.2 times lighter than steel) it will be very difficult for
CFRP cables to compete unless the entire life is considered in the costs. A few clients for bridge
cables increasingly require worldwide more and more life cycle costing to be carried out. This takes
into account the predicted inspection and maintenance costs over the lifetime of the bridge, usually
taken as 100 years. Costs are evaluated by calculating the net present value of the expenditure
stream using a cash discount rate of typically 6%. CFRP cables benefit considerably compared with
steel in such comparisons.

The most important factor to remember is not the cost per kg of materials, but rather the cost
effectiveness of the finished product, installed, considering the life expectancy and the costs of the
alternatives. This has worked to the advantage of the CFRP sheet bonding technique for
rehabilitation of structures and there is a high probability that this will also be the case for CFRP
cables in future.
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Summary

Tests were conducted on 200 x 400 x 5500 mm steel prestressed concrete beams strengthened
with exterior post-tensioned Carbon Fiber Reinforced Polymer (CFRP) tendons. External
tendons were harped at two locations and beams were tested under short-term four-point loading.
The study included development of an analytical model that accurately predicts the ultimate load,
midspan deflection at ultimate load and external CFRP tendon load at ultimate load. The
analytical model was used in a parametric study of externally post-tensioned concrete beams.

1. Experimental Program

The experimental program consisted of two "control” prestressed beams and four prestressed
beams with external post-tensioned CFRP tendons. The beams were tested to failure. Details are
provided elsewhere [1].

1.1  Test Set-up and Procedure

The cross-sectional details of the test beams prior to addition of external tendons are shown in
Figure 1. A profile of the test specimens with the CFRP exterior tendons is shown in Figure 2.
Steel stirrups of #2 wires were provided as reinforcement in the shear span of the beams, placed
at 200 mm spacing, excluding the center 900 mm of the beams. Average concrete strength at
time of testing was 44.2 MPa.

For prestressed beams strengthened by external CFRP tendons, one CFRP tendon was placed on
each side of the beam. Attachment of the CFRP tendons to the ends of the concrete beam was
accomplished using a steel U-shaped devise attached to the end of the beams at the midheight of
the beam (200 mm from top). Harping of each of the CFRP tendons at the midspan of the beams
was provided at two locations spaced 710 mm apart and symmetric about the midspan of the
beam. At midspan, the tendons were located a depth of 390 mm from the top of the beam, which
was approximately the bottom of the beam. Harping points consisted of aluminum plates cut to a
radius of 510 mm, with a semicircular groove cut along the arch with a diameter of 8 mm. The
initial harping angle of the tendon at each harping point was 4.8 degrees. The average post-
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Fig. 1 Cross-section of beam specimens
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Fig. 2 Schematic diagram of the prestressed beams strengthened by external CFRP
tendons

tensioning force per CFRP tendon was 124 kN.

The beam span was 5190 mm with point loads spaced 710 mm apart and symmetric about the
midspan of the beam. Vertical deflections of the beams were measured at two locations:
midspan of the beams and at one of the two loading points. Strains in the CFRP tendons were
measured using surface mounted strain gages.

All tests were conducted under displacement control. Displacements were applied at a rate of
approximately 5 mm/minute. To simulate damaged beams in service, all beams were initially
loaded to just beyond their cracking load and then unloaded to 19 kN. This initial limit load for
the beams was 37 kN and 64 kN for the B series beams and C series beams, respectively. For the
control beams, after reducing the load to 19 kN, the load was increased until failure, which was
initiated by crushing of the concrete. For the strengthened beams, after reducing the load to 19
kN, the CFRP tendons were post-tensioned. The deflection associated with the 19 kN load was
maintained on the beam throughout the post-tensioning process. At the completion of post-
tensioning, the vertical load on the beam increased due to the camber affect induced by post-
tensioning. The load on the beam was again reduced to 19 kN before loading the beam to failure.
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1.2

Load-midspan deflection curves for beams B-0, B-1, C-0 and C-1 are shown in Figures 3 and 4.

Results for beams B-2 and C-2 were similar to results for B-1 and C-1, respectively. The figures
also show the results of the analytical analysis discussed later. A summary of the test results for
the beam tests is presented in Table 1. Table 1 does not include results for the analysis including

Test Results

tension stiffening affects (TS analysis).

35

TS — analytical results with tension stiffening of concrete
TO -- analytical results without tension stiffening of concrete

2 3 4 5
Midspan Deflection (in.)

1

Fig. 3 Experimentally observed and predicted load-midspan deflection for B-0 and B-1

35

TS — analytical results with tension stiffening of concrete
TO — analytical results without tension stiffening of concrete

0 1

2 3 4 5

Midspan Deflection (in.)

6

Fig. 4 Experimentally observed and predicted load-midspan deflection for C-0 and C-1
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Table 1 Summary of experimental and analytical beam test results

Beam | Ultimate load, kN Midspan deflection at | Initial total Total force of

No. ultimate load, mm force of external CFRP
external CFRP | tendons at ultimate,
tendons, kN kN

Exp. Analytical | Exp. Analytical | Exp. Exp. | Analytical
B-0 51.2 49.4 (0.97) 113 96.8 (0.86) - - -

B-1 105 101 (0.96) 71.4 61.7 (0.86) 117 169 164 (0.97)

B-2 108 103 (0.95) 68.8 57.9(0.84) 127 179 171 (0.96)

C-0 98.7 | 99.2(1.00) 78.5 68.1 (0.87) -- s =

C-1 147 147 (1.00) 50.5 50.0 (0.99) 128 164 164 (1.00)

C-2 147 145 (0.99 50.5 49.5 (0.98 124 161 158 (0.98
( ) numbers in parenthesis indicate the percent (%) of experimental value

Failure of the beams for all tests was due to crushing of concrete at the top of the beam. Ultimate
loads for beams post-tensioned with external CFRP tendons averaged 55 and 48 kN higher than
their companion non-post-tensioned beams (Table 1). This corresponds to an ultimate strength
of 209% and 149% of the companion non-post-tensioned beam strength for the B series and C
series beams, respectively. Midspan deflections at ultimate for the externally post-tensioned
beams averaged approximately 64% of the midspan deflection at ultimate for the companion
non-post-tensioned beams for both B and C series beams.

As shown in Figures 3 and 4, the exterior post-tensioned beams had a positive tangential
stiffness, defined as the change in load divided by the associated change in midspan deflection,
up to failure. This was not evident for the non-post-tensioned beams B-0 and C-0. It was found
in more detailed analysis that this positive tangential stiffness at failure was due to the increased
upward forces at the harping points. The increased upward forces at the harping points was due
to the beam deflections which caused larger bend angles of the tendons at the harping points and
caused increased forces in the external tendons due to additional strains in the tendons.

Figure 5 shows the variation in total external CFRP tendon force with the midspan deflection. It
is evident in the figure that the external CFRP tendon strains, and therefore tendon forces, varied
linearly with the midspan deflection of the beams. The response for beams C-1 and C-2 varied
in a similar manner. The external CFRP tendon forces at ultimate averaged 143% and 129% of
the initial external CFRP tendon forces for the B series and C series beams, respectively

(Table 1).

2.  Analytical Model

As part of this study, a computerized analytical model was developed that accurately predicts the
ultimate load, midspan deflection and external tendon force at ultimate for externally post-
tensioned, simply supported beams loaded symmetrically about the midspan with two point
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Total CFRP Force (kips)
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Midspan Deflection after Post-Tensioning (in.)
Fig. 5 Total CFRP tendon force versus midspan deflection after post-tensioning, B-1 and B-2

loads. External tendons are harped at two locations symmetric about the midspan of the beam
and no friction is assumed at the harping points of the tendons. The analytical model was
included in a computer program called EXPOST.

2.1  Development of Analytical Model

The analytical model uses a constitutive relationship for concrete developed by Ahmad {2].
Constitutive relationship for the prestressing steel was modelled as linear up to yielding,
represented by a fourth-order polynomial expression at yielding, and then linear prior to reaching
ultimate strain. Non-prestressed steel reinforcement was model as linear up to yielding with no
strain hardening. CFRP tendons were modelled as linearly elastic.

At each load increment, the model assumes an external CFRP tendon force and determines beam
segment curvatures. Curvatures are integrated over the span length to determine displacements.
After displacements are determined, a CFRP tendon force is predicted using the initial CFRP
tendon force plus additional forces due to straining of the external tendons resulting from vertical
displacements at the harping points and horizontal extension of the beam at the height of the
tendon anchorage. If the predicted and assumed CFRP tendon forces are within 0.05%, then the
beam load is increased to the next load level, otherwise, the analysis is repeated with a new
assumed CFRP tendon force. If the predicted and assumed CFRP tendon forces are within a
tolerance (assumed to be 0.05%) and the maximum load on the beam is greater than the
maximum allowable load of a beam section, the beam is considered to have failed.

2.2 Comparison Between Analytical and Experimental Results

As shown in Figures 3, 4 and 5 and in Table 1, the computerized analytical model developed in
this study accurately predicts the ultimate load, ultimate midspan deflection and the CFRP
tendon force at ultimate for the beams tested as a part of this study. Predictions of ultimate load
ranged between 95% and 100% of the experimentally observed ultimate load. Midspan
deflections were slightly under predicted (84% to 99% of the experimentally observed
deflections). Predictions of the CFRP tendon forces at ultimate ranged between 96% and 100%
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of the experimentally observed CFRP tendon forces.
2.3  Results of Parametric Study

The computer program EXPOST was used in a parametric study of steel prestressed concrete
beams externally post-tensioned with CFRP tendons. Two types of beams were considered --
rectangular and T-beams, with two amounts of effective prestress force for each type of beam.
The dimensions of the rectangular beams were 152 mm x 406 mm and of the T-beams were

51 mm x 610 mm top flange and 356 mm x 102 mm web. The effective prestress force was
varied by changing the area of prestressing steel from 77 to 161 sq.-mm for the rectangular
beams and from 174 to 374 sq.-mm for the T-beams, with the effective steel prestress remaining
1030 MPa. The depth of prestressing steel for both beams was 330 mm. Span lengths for the
beams were 6.1 m and 9.1 m for the rectangular and T-beams, respectively. Variables for the
parametric study were the initial total load of the external tendons (53 to 160 kN), the harping
point location for the external tendons (either at the midspan or at 1/3 span of the beam), and the
axial stiffness of the external CFRP tendons (7120 to 24000 kN/m/m).

Results of the parametric study indicate that the ultimate load of externally post-tensioned beams
increases with increases in initial force of the external tendons, harping at third-points versus
midpoints of the beam, and with increases in the stiffness of the external tendons. Increases in
ultimate loads averaged 172% of the companion non-post-tensioned reference beam ultimate
load. Beams with external tendons harped at third-points showed an average increase in ultimate
load 15% higher than beams with external tendons harped at midspan. Midspan deflections at
ultimate for the beams reduced an average of 46% due to the addition of external post-tensioning.

Increases in the external CFRP tendon forces at ultimate was significant. For the rectangular and
T-beams, forces in the external CFRP tendons at ultimate averaged 158% and 205% of the initial
tendon forces, respectively. For each of the four types of beams investigated in the study, little
difference was observed in the energy absorption capacity of the beams at failure.

3. Summary and Conclusions

Results of this study showed that externally post-tensioned CFRP tendons can be effectively
used for strengthening of prestressed concrete beams. The behavior of externally post-tensioned
prestressed beams can be predicted using the computerized model developed in this study.
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Summary

An experimental investigation was conducted to determine the strength enhancement of concrete
columns due to confinement provided by filament wound glass fibre tubes used as permanent
formwork. The principal variables were concrete strength, slenderness and angle of fibre
alignment. Significant increases in compressive strength were achieved. A design approach has
been proposed which uses existing design equations, modified to reflect the increased confidence
in the effective compressive strength of concrete.

1. Introduction

Research has shown that Fibre-Reinforced Plastics (FRP) reinforcement can successfully be used
as the tensile component to reinforce concrete beams in bending [1]. However, their use as
longitudinal reinforcement in compression members is not economic due to the relatively low
compressive modulus and strength of FRP composites [2]. The purpose of the research described
in this paper is to investigate the use of FRP composites as confinement reinforcement for
concrete. Experimental work into the behaviour of confined concrete has shown that there is a
significant increase in both strength and ductility of the concrete. This form of construction offers
additional advantages since the FRP composite serves as permanent formwork and provides a
barrier against aggressive agents, thus improving the column’s durability. Using the FRP
composite as peripheral reinforcement for circular columns results in the FRP composite acting in
direct tension to develop the confining hoop stress.

Previous researchers have examined the enhanced properties of concrete cylinders confined by
FRP composite wraps, and a number of empirical design equations have been proposed [3-5].
These design equations are based on experimental work using small specimens and the results
cannot be taken as representative of the behaviour of realistically sized columns. To investigate
the behaviour of full scale concrete columns confined with FRP composites, an extensive test
programme is being under taken at the University of Southampton. Additionally, ten large
diameter columns were tested in collaboration with the Building Research Establishment. The
preliminary results of part of this test programme are presented in this paper.
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2. Experimental Programme
2.1 Materials

2.1.1 Concrete

One of the primary objectives of the test programme is to investigate the influence of concrete
strength. Two different concrete mixes were designed to have compressive cube strengths of

25 N/mm’ and 35 N/mm’. All the tubes were cast in the vertical position as would normally be the
case in construction. The concrete was dropped into the tube from the top, and vibrated internally
by a poker vibrator. To minimise segregation of the concrete, a cohesive concrete was used with a
stump of 50mm. '

2.1.2 Filament Wound Tubes

The filament wound tubes were supplied by Fibaflo Plastic Ltd. The tubes consist of 51%
continuous E-glass fibres by volume, embedded in an epoxy resin. The tensile strength of the basic
E-glass fibre is 3400 N/mm’ with an elongation of 4.5% at failure [6]. Three different nominal
angles of fibre alignment were tested; 90°, 67.5° and 45°, the angle of fibre alignment being
measured from the longitudinal axis. Limitations imposed by the filament winding machinery
meant that the actual winding angles differed from the nominal values. The properties of the tubes
are shown in Table 1. The theoretical confining pressure is given by Equation 1:

2t

Jw = D Yr%r sin’ @ Equation 1
Diameter Standard Thickness Standard Fibre Alignment | Confining Pressure
[ Deviation t Deviation a Sim

mm mm mm mm degrees N/mm?
59.86 0.21 2.53 0.14 75.5 137.38
79.85 0.09 2.46 0.11 78.1 102.30
79.89 0.04 2.48 0.11 57.8 77.08
79.89 0.07 2.66 0.15 43.4 54.51
99.97 0.09 2.45 0.13 80.4 82.63
100.02 0.10 2.28 0.14 714 71.01
100.03 0.05 2.22 0.10 49.9 45.03
300.10 0.09 3.80 0.11 86.8 43.78
399.88 0.21 5.07 0.09 87.6 43.89

Table 1 Dimensions of filament wound tubes
2.2 Experimental Procedure

Tests at the University of Southampton were carried out on either a 2000 kN Losenhausen or
1500 kN Instron column rig. Both machines were operated in position-control for safety reasons
due to the brittle failure mechanism of the specimens. The additional tests at the BRE were
carried out on their 10000 kN load-controlled Amsler column rig.

2.2.1 Axially Loaded Columns

The columns were tested in axial compression to failure. Measurements consisted of load,
crosshead displacement, axial and circumferiental strain. Axial strains were measured over the
middle half of their length using an extensometer, consisting of four LVDT’s positioned at four
orthogonal points. The extensometer was removed at an axial strain of 2% to prevent damage to
the instrumentation and to eliminate any additional confinement induced by the extensometer. The
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circumferential expansion of the cylinders was determined by an LVDT attached to the end of a
sheathed cable positioned at mid-height around the periphery of the cylinder.

The columns were loaded in equal displacement increments of 0.001 mm/min/ mm length of
sample. Readings were taken automatically using an Amplicon PC226 data acquisition board in a
Pentium PC. To minimise errors due to fluctuations in the electrical supply, a filtered power
supply was used and each reading consisted of an average 1000 samples taken over one second.

2.2.2 Eccemtrically Loaded Columns

Two column lengths were investigated with length/diameter ratios of 5 and 10. The columns were
tested to failure under eccentric compression. All loading was of short duration; the effects of
sustained or repeated loading were not investigated. Measurements consisted of load, crosshead
displacement, lateral deflection at mid and quarter heights, and both axial and circumferential
strains. The eccentricity of all the columns was 5% of the internal diameter. The load was applied
by increasing the platen displacement in equal increments determined from the cylinder tests. Each
test to failure lasted approximately 50 minutes.

3. Experimental Results and Discussion
3.1 Axially Loaded Columns

Table 2 gives the strength and deformation at failure for the confined columns. The strength
clearly increases as the orientation of the fibres approaches the hoop direction. Figure 1 shows the
stress-strain curve for the 80mm diameter specimens. The shape of the curves is initially similar to
plain concrete, and once the unconfined concrete strength is exceeded the curve continues in a
linear manner with a reduced slope. The stiffness of the secondary slope is a function of the
orientation of the fibres, with the stiffness increasing as the fibres angle of wind approaches the
hoop direction. Ultimate failure was achieved for all the specimens except fw112 and fw113.
However, creep failure of specimen fw112 was achieved under a sustained load of 10140 kN for
6 minutes.

8
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Fig 1 Stress- Strain Relationship for Axially Load Columns
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The orientation of the fibres was also found to influence the failure mechanism of the cylinders.
Cylinders where the fibres are aligned at angles close to the hoop direction failed by fibres
rupturing then unwrapping about the middle third of the specimen. Fibre orientation of
approximately 67.5° caused a tensile rupture of the fibres along the entire length of the cylinder.
Cylinders with fibres at approximately 45°, resulted in a compressive failure mode of the fibres.

The measured circumferential strains are significantly less than the theoretical rupture strain of the
basic fibre. This corresponds with observations during testing where the large axial deformations
resulted in premature tensile failure of the fibres, due to localised compression. Consequently, the
theoretical confining pressure of the fibres is not achieved, with an increasing reduction as the
winding angle reduced. '

The degree of compressive strength enhancement is a function of both the confining pressure and
unconfined strength of concrete. It was found that the lower strength concrete exhibited a greater
increase in compressive strength and ductility. In general, lower strength concrete is more ductile
and the proportionately greater lateral expansion results in larger confining pressures.

Ref. | Diameter Fibre Failure Failure Stress, | foo/fau Axial Circumferential
No. ¢ Alignment Load f Strain Strain
mm kN N/mm? % %
fwl 59.86 75.5 4454 158.3 7.40 4.46 -1.25
w2 59.86 75.5 416.2 147.9 5.44 4.05 -1.16
w7 79.85 78.1 888.6 177.4 7.57 4.87 -1.63
fw8 79.85 78.1 934.3 186.6 5.30 5.70 -1.57
fwls 79.89 57.8 572.1 114.1 5.06 7.83 -4.98
fwl6 79.89 57.8 775.1 154.6 4.71 5.60 -3.08
fw23 79.89 434 248.9 49.7 1.68 1.90 -1.21
fw24 79.89 43.4 234.0 46.7 1.49 1.14 -1.47
fw3l 99.97 80.4 973.1 124.0 6.30 3.78 -1.29
fw32 99.97 80.4 1129.4 143.9 395 3.17 -1.23
fw39 100.02 71.4 913.9 116.3 4.13 5.41 -3.42
fwd0 100.02 71.4 820.7 104.5 4.08 2.02 -3.37
fwa7 100.03 499 458.5 58.3 1.87 - -
fwd g 100.03 49.9 414.9 52.8 2.14 - -
fwl07 | 300.10 86.8 5980 84.5 3.49 2.58 -1.40
fwl08 | 300.10 86.8 6050 85.5 2.46 2.13 -1.32
fwll2 | 399.88 87.6 10140 80.7 3.27 241 -1.15
fwll3 | 399.88 87.6 9750 77.6 2,13 1.94 -0.97

Table 2 Limiting Strength of Axially Loaded Columns
3.2 Eccentrically Loaded Columns

Figure 2 shows that the ultimate load for concrete columns is significantly increased by the
filament wound tube. Greater axial loads and moments are achieved with tubes where the fibres
are aligned at an angle between 67.5° and 80.4°. However, large lateral deflections are associated
with these enhanced loads and serviceability requirements restrict the degree of enhancement
achieved. Table 3 gives the axial loads at a compressive strain of 0.35%, the limiting compressive
strain specified in BS8110. Figure 2 shows the failure envelope for plain concrete, based of a
limiting compressive strain of 0.35% and a concrete strength of 0.67f;.. Comparison of the axial
load of the columns at a compressive strain of 0.35% still shows an enhancement in the load



D. LILLISTONE, C.K. JOLLY

763

Ref. ¢ a Length - e Failure ] Moment Rzadmgs @ 0.35% Strain
No. Load Load § [ Moment
mm mm | N/mm? [ mm kN mm kNm KN mm | kNm
fwd 5986 | 75.5 370.0 279 3.0 167.4 9.67 1.62 101.5 | 3.83 0.39
fws 59.86 | 75.5 370.0 36.2 3.0 171.6 10.94 1.88 75.8 3.50 0.27
fwé | 59.86 | 75.5 670.2 323 3.0 92,3 11.80 1.09 65.9 5.50 0.36
fwo 7985 78.1 467.8 19.7 4.0 311.7 15.13 4,72 94.0 4.60 0.43
fwlo | 79.85 | 78.1 469.6 36.4 4.0 3674 - - 172.2 | 4.29 0.74
fwl2 | 79.85 | 78.1 869.7 31.2 4.0 200.5 15.85 3.18 103.7 | 6.22 0.64
fwl3 | 79.85 1 78.1 867.9 25.6 4.0 171.0 14.72 2.52 127.8 | 6.06 0.77
fwl7 | 79.89 | 57.8 469.6 28.2 4.0 242.8 11.54 2.80 121.6 | 4.52 0.55
fwl8 | 79.89 | 57.8 469.1 246 4.0 213.0 10.72 228 923 448 041
fw20 § 79.89 | 57.8 869.0 21.5 4.0 130.9 11.82 1.55 114.7 | 4.11 0.70
fw2l 1 7989 | 57.8 869.7 272 4.0 188.2 8.44 1.59 135.5 | 4.13 0.56
fw25 | 79.89 | 434 469.1 30.7 4.0 172.3 6.55 1.13 129.5 | 4.43 0.57
fw26 | 79.89 | 43.4 469.9 34.4 4.0 185.1 7.20 1.33 153.0 4.81 0.74
fw29 | 79.89 | 43.4 789.9 34.3 4.0 150.0 935 1.40 146.2 | 6.35 0.92
fw33 | 99.97 | 804 569.7 234 5.0 447.3 18.77 8.40 157.9 - -
fw34 | 99.97 | 80.4 569.9 352 5.0 568.4 16.98 9.65 231.2 | 5.11 1.18
fw3é | 9997 | 804 1068.9 226 5.0 278.3 16.38 4.56 179.0 6.58 1.18
fw37 | 99.97 | 80.4 1070.3 32.8 5.0 311.8 15.66 4.88 226.1 6.43 1.45
fw4l |100.02| 714 569.6 29.5 5.0 392.0 16.50 6.47 228.3 5.44 1.24
fwd2 |100.02| 71.4 569.9 31.3 5.0 398.2 14.58 5.81 2234 | 5.84 1.30
fwd4 |100.02{ 714 1069.1 214 - 5.0 188.7 16.69 3.15 168.6 8.42 1.42
fwd5 1100.02] 71.4 1069.8 33.2 5.0 236.8 16.46 3.90 219.3 9.05 1.98
fwd9 {100.03| 49.9 569.9 33.7 5.0 240.2 11.49 2.76 148.3 | 5.74 0.85
fws0 [100.03] 49.9 569.9 40.1 5.0 272.8 10.67 2.91 210.6 5.50 1.16
fws52 |100.03] 49.9 1068.7 30.0 5.0 154.4 13.91 2.15 147.2 | 9.04 1.33
fws3 [100.03] 49.9 1069.3 29.3 5.0 176.9 12.91 2.28 171.6 | 9.88 1.69
fwl09 [300.10] 86.8 1650 253 15.0 2530 3245 82.10 1500 | 18.25 4.87
fwll0 |300.10| 86.8 1650 36.8 15.0 3300 31.33 | 103.39 - - -
fwlll }1300.10] 86.8 3150 39.7 15.0 2100 26.28 55.19 - - -
fwll4 1399.88| 87.6 2150 29.0 20.0 5050 56.44 | 243.52 - - -
fwll5 |399.88| 87.6 2150 40.5 20.0 5860 38.75 | 227.08 3680 |24.89| 17.99
fwl16 |399.88| 87.6 4150 36.5 20.0 3300 26.07 | 86.31 - - -

Table 3 Experimental Results of Confined Columns

& Ultimate Failure - 90.0 wind
= Ultimate Failure - 67.5 wind

® Ultimate Failure - 45.0 wind
© Load @ 0.35% Strain - 90.0 wind

0 Load @ 0.35% Strain - 67.5 wind
o Load @ 0.35% Strain - 45.0 wind
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Fig 2 Interaction Diagram for Concrete Filled GFRP Columns
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Consequently, the column design equation for stocky columns given in BS8110 [7] can be
modified.

N = 0.45CfcuAc + 0.87f,As Equation 2

Where C,, is an empirical coefficient that reflects the increased confidence in the strength of the
concrete. Based on the preliminary results presented in this paper, the value Cy, lies between 1.15
and 1.20. Limiting the concrete compressive strains to a value 0.35% also means that the existing
deflection prediction equations are still valid.

4. Conclusion

Preliminary test results have shown than a significant enhancement in axial load carrying capacity
can be achieved using glass fibre filament wound tubes as permanent formwork. It is not
recommended that design be based on the ultimate limit state of the tube. Since, at ultimate limit
state, the concrete is a highly fissured material, any loss of the confining pressure at strains
exceeding 0.35% would result in immediate brittle collapse. However, designs based on existing
reinforced concrete design codes can be modified to take account of the increased confidence in
the strength of plain concrete, using the material confinement factor C,, value between 1.15 and
1.20 obtained statistically from these resuits.
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The Oppegaard Trial bridge forms a part of the R&D project Eurocrete, which is a large
European research programme, with the objective to develop the use of non-metallic
reinforcement in concrete structures. Both ordinary and post tensioned reinforcement is made of
non-metallic composite materials, which makes the bridge the first of its kind built in Europe.
Erection of the bridge structure demonstrates the possibility of designing and constructing a

bridge with solely non-ferrous reinforcement.

1. Introduction

Corrosion of reinforcement represents a permanent threat against reinforced concrete’s
durability. Renovation of concrete structures is often attended with considerable costs. In Europe,
more than 25 % of all concrete bridges are deteriorated due to carbonation or chloride attack, and
the annual costs of corrosion are estimated to 700 millions ECU. Substantial resources are
therefore utilised to improve the quality of structural concrete. There is however, little doubt that

a reinforcement material that does not corrode and can resist aggressive environments would be

the simplest solution. Future maintenance costs have become essential to the owner of any
structure. Hence the potential for non-ferrous material as a replacement or supplement to
conventional steel reinforcement is considerable, particularly for structures in aggressive

environment, such as most bridges.

Eurocrete is a 4-year (1994-1997) 2.8 million ECU European research project, with the objective

to develop the use of non-ferrous reinforcement in concrete structures. The research programme
comprises several full-scale trial structures that will help assessing the behaviour and durability

of the reinforcement in a realistic environment. One of these trial structures is a 10 m long

service bridge located on a golf course outside Oslo (Fig. 1).The purpose with the field trial is:
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- to monitor and assess long-term behaviour of the FRP reinforcement in a realistic
environment

- to monitor immediate short term behaviour

- to supplement laboratory tests

- to validate theoretical models and analytical approaches for response predictions

- to demonstrate the possibility of making a steel-free concrete bridge

In order to achieve the objectives with the trial structure, the bridge is equipped with
instrumentation that will register deflection and displacements.

1400 CFRP
1200
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g
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200
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Fig. 1 Rendered image of the golf course service Fig. 2 Stress / strain diagram
bridge for FRP materials used

p FRP Reinforcement

FRP reinforcement consists of glass, aramid, carbon or other synthetic fibres impregnated with a
thermoset or a thermoplastic resin. For the use of FRP as non-ferrous reinforcement in concrete
bridges these materials posses several assets due to material properties such as high tensile
strength, low weight and good durability characteristics. However, most FRP elements exhibit a
relatively low modulus of elasticity compared to steel (Fig. 2). Furthermore, the lack of yielding
involves a brittle ultimate state of FRP reinforced concrete elements.

2.1 Reinforcement materials

Two types of Glass Fibre Reinforced Plastic (GFRP), developed in the Eurocrete project, is
selected for use in the trial bridge. Plytron bars made of E-glass and polypropylene are used as
shear links. The Eurocrete reinforcement bar (E bar) which is a composite with higher stiffness
and strength is adopted as main reinforcement. These bars are made of E-glass and vinylester
matrix. For the post-tensioning of the bridge Parafil tendons were utilised. The tendons are made
from a parallel arrangement of aramid fibres and are sheathed with an extruded polyethylene. At
each end the filaments are anchored to conical bored end terminators by means of spikes [Fig. 6].

Material properties for the FRP materials used in the bridge are listed in Tab. 1.
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[GPa] [ MPa] (K] [mm] [g/cm’ ]
Plytron 23.4 520 9 14
Eurocrete bar (E-bar) 45.0 1000 13.5/22 22
Parafil tendon 126 1926 277 % 10° 40 1.4

Tab. 1 Material properties

3.  Design Aspects

The trial bridge was designed in accordance with the Norwegian concrete code NS 3473 [1]
using supplementary provisions developed within the Eurocrete project [2]. The most relevant
aspects are summarised in the following:

- A matenal coefficient of 3.3 is used for both types of ordinary reinforcement at ULS, while a
factor of 2.0 is applied to the prestressing material. The relatively high material factors are
applied to compensate for the uncertain long term effects of the FRP bars.

- Since the FRP reinforcement will not be sensible for corrosion attack, the concrete cover is
reduced from a normal requirement of 50 mm to 25 mm, where the required cover is that
necessary to ensure the load transfer between the concrete and reinforcement.

- Owing to the high corrosion resistance the limiting crack width is related to structural
integrity and aesthetics rather than to durability. This warrants a relaxation of the normal
crack width criteria from 0.2 to 0.5 mm.

- Using the basic approach for minimum reinforcement common in most codes, the strength of
the concrete is replaced by an equivalent amount of reinforcement. For FRP reinforcement
this amount is increased by a factor equal to the material coefficient.

~ Anchorage and splicing are conservatively calculated using the bond characteristics of plain
bars.

- The reduced stiffness of the longitudinal reinforcement needs to be accounted for in
computing the ‘concrete contribution’ to the shear resistance. This effect is considered by
reducing the area of longitudinal reinforcement by the factor Eqpp/Egige, -

4.  Bridge Design

The trial bridge is erected at the Oppegéard golf course located near Oslo in connection with the
extension of the course from 12 to 18 holes. With a total length of 10 m the bridge is spanning
over a stream separating the new laid course from the former. Apart from pedestrians the bridge
accommodates a service vehicle with a total axle load of 5.5 tonne.

The main criteria for the choice of the structure were architectural quality of the bridge, its
harmonisation with the site and the ambient distinctive golf course aesthetics. Additional design
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Fig. 3 Elevation and longitudinal section of the trial bridge

considerations were the requirement for prefabrication for optimum control and the intended
field testing. Preference was given to a girder bridge with an arched shape. Owing to the low
stiffness of the main GFRP bars, the application of prestressing was inevitable. To add to the
innovative nature of the project it was decided to use FRP also for the tendons.

4.1 Edge girders

Two separate concrete edge girders carrying a wooden bridge deck constitute the bridge’s
superstructure (Fig. 3). The edge girders are independently resting on two conventionally
reinforced abutments superficially founded on gravel beds. The statical system of the edge
girders is that of an arc with a subtending post-tensioned concrete chord. Sagging necessitated
the latter to be suspended by means of two conical concrete ties.

The curved compression chord has a rectangular cross section with a constant width of 300 mm
and a depth increasing from 280 mm at mid-span to 650 mm at the supports. Three continuos E
bars @22 mm on each face provide the longitudinal reinforcement, whereas

@9 mm Plytron bars, formed as conventional double-legged steel links, were used for the
stirrups. The formability of these bars allowed the use of FRP also for reinforcing the suspension
members.

Due to the predominant compression, only minimum reinforcement was provided in the lower
chord. Four ©13.5 mm E bars constitute the minimum longitudinal reinforcement. As a
consequence of the small dimensions of the chord measuring only 250 x 150 mm, the Plytron
bars proved however not suitable for the intended stirrup configuration. Thus special purpose-
made composite links were used. The links were manufactured by roving a rectangular profile
from which the continuos links subsequently were cut.

The application of the Parafil system as internal, unbonded tendons required special anchor
sleeves to be made allowing the free movement of the end terminators during post-tensioning.
The encapsulating sleeves (Fig. 6) were made from two cylindrical halves which were joined
around the terminators and welded prior to the installation of the cable into the formwork.
Between the sleeves a PVC duct is protecting the tendon from the surrounding concrete. The
tendons were tensioned to approx. 30 % of the short term nominal breaking load (90 tonne). The
residual working load due to creep, shrinkage and relaxation is estimated to be approx.

22 % of NBL which necessitates the girders to be re-tensioned prior to the bridge is opened for
traffic.

5. Construction

The FRP reinforcement for the compression chord were pre-assembled outside the formwork.
Owing to the thermoset resin used in the Plytron bars, the stirrups can be formed correspondingly
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to conventional steel stirrups using a new concurrent heat-bend-twist technique. The Eurocrete
bar can not be bent in the same way, but the moderate curvatures allowed for elastic bending of
the bars. Installation of the pre-assembled rebar units into the formwork followed easily by hand
power due to the low weight of the FRP bars (Fig. 4).

The edge girders were monolithically casted one by one with the side face down. After
demolding and still in the lying position, the girders were post-tensioned to 40 % of the initial
working load and temporarily locked off. The tendons were stressed to the target stress level after
to the girders had been lifted in upright position and the selfweight was activated. The edge
girders (Fig. 5) were transported on a truck from the pre-casting plant to the erection site. With a
crowfoot hoisting wire the 4 tonne girders were lifted onto the bearings without causing
additional moments in the concrete chord.

Fig. 4 Weight demonstration. Fig. 5 Transportation of the edge girders to site

6. Instrumentation and monitoring

The documentation of the ‘real-life” behaviour of the FRP reinforcement - immediate and long-
term - has been of paramount interest in performing the field experiment. Measurement data
from the performance monitoring provide valuable correctives to the wide range of scaled
laboratory tests conducted within the Eurocrete programme. A vital link between theory and
practice is further found through the comparison of the observed behaviour to the design
predictions, validating the theoretical models and analytical approach employed for the response
predictions.

6.1 Instrumentation

The field instrumentation is arranged for deformation and deflection monitoring, which includes
measurements of concrete and reinforcement strains together with level readings. For the
monitoring of concrete deformations both edge girders were equipped with internal strain

gauges. The strain gauges, all of the type vibrating-wire, were located in the mid-span section of
each girder, distributed in pairs to three different levels. Fig. 5 depicts the general arrangement of
the instrumentation (concrete strain gauges) installed in the reference girder.

Warranting special attention is the implementation of a set of new reinforcement strain gauges
especially developed for the project by Geonor. The reinforcement gauge is based on the
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vibrating wire concept with the prestressed wire suspended between two steel muffs fixed to the
bar. In both chords the longitudinal FRP reinforcement bars were equipped with the rebar
transducers placed in the centre of the girder. A simple and inexpensive method was adopted for
measuring the span deflections. An array of level studs cast in on top of each girder constitutes
the measure points, from which level readings are taken.

As the acquisition of load performance data is ongoing, an interpretation of the ‘real-life’
behaviour will be presented at the conference.

o
&

NN

Fig. 5 Arrangement of strain gauges at midspan Fig. 6 Anchor zone

p Conclusion

The erection of the Oppegérd trial bridge demonstrates the feasibility of the application of FRP
reinforcement as supplement or even instead of steel. Owing to the inherent assets of non-
ferrous composites, these materials have potentials to become prominent construction materials
fighting the corrosion related deterioration of concrete structures. The vistas of a widespread use
FRP is however overshadowed by the fact that there is a total shortcoming of international
standards for testing, approval and quality control. Moreover the key advantages of FRP are so
far lost in high material and manufacturing costs. There are however, several ongoing

R & D projects continuously working to form a basis for future codes and regulations that will
handle provisions for the use of FRP as a reinforcing material. Furthermore, material and
manufacturing cost will decrease with a higher demand. For increased flexibility in design and
construction special attention should be devoted the development of efficient mechanical
applications, such as connectors, end anchorages etc.

References

[1]  Norwegian Standard NS 3473 E: Concrete structures, Design rules. 4th edition , Nov.
1992,

2] Clark, J. L., O’Reagen, D. P., Thirugnanendran, C.: Modification of Design Rules to
Incorporate Non-ferrous Reinforcement. Eurocrete Report, January 1996.



771

Potsdamer Platz: Steel Fibre Concrete for Underwater Concrete Slabs

Horst FALKNER
Prof. Dr.-Ing.

TU Braunschweig
Braunschweig, Germany

Horst Falkner, born 1939,
received his civil engineering
degree in 1964, his PhD in
1969 and became professor
for concrete design in 1988.

Volker HENKE
Dr.-Ing.

TU Braunschweig
Braunschweig, Germany

Volker Henke, born 1947,
received his civil engineering
degree in 1973, his PhD in
1980 and 1s a senior member
of the same institute.

Summary

For the erection of a new multifunctional town centre in the heart of Berlin, in the area of
Potsdamer Platz, the construction of deep building pits becomes necessary. As, due to
environmental protection requirements, sealing injection layers can not be carried out for the
deeper parts of these building pits, back anchored underwater slabs have to be constructed. In
order to increase the overall safety of these slabs, steel fibre instead of plain concrete was used.
This paper gives a short description -of the tests carried out concerning the load carrying and
deformation behaviour and of the site tests carried out for the erection of these slabs.

1. General

One of the first major construction measures in Berlin after the reunification is the development of
the ,Potsdamer Platz” by Daimler Benz. In the former border area between the western and
eastern part of the city, this building project has total dimensions of 560 m length and beween 100
and 270 m width.

This building project, with foundation depths between 9 and 18 m, has to be founded in the
ground-water, which has a level approximately 2 to 3 m below the surface. At the same time a
connection between this building project and a new regional railway station is planned This
station has a foundation depth of up to 21 m, resulting in a water maximum pressure on the
foundation slab of 180 kN/m*.

Not only the building project discussed here, but all other building projects in the Central
Region“ of Berlin have to be erected in the ground-water. It has to be mentioned here, that Berlin
gets it drinking water from this ground-water reservoir and therefore any encroachment into the
fragile ground-water balance has to be avoided. For this reason any ground-water lowering must,
on principle be excluded. In general, the follwoing construction principles for the erection of deep
building pits can be used (Fig. 1).

¢ The building pit walls reach into a deep, naturally sealing soil layer.

¢ Building pit walls in connection with a deep-laying injected soil layer which has to be arranged
in such a depth that the dead soil weight compensates the water pressure with sufficient safety.

* Building pit walls in connection with an underwater concrete slab, anchored against the water
pressure with tension piles in the underlying soil (wall/slab system).
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Fig. I: Construction principles for deep building pits

The first two construction methods presented here, can, as the geological preconditions are not
fulfilled, normally not be carried out. Furthermore, the deep building pit walls would interfere
considerably with the ground-water flow. Therefore, this construction method can only be applied
for those parts of the building pit with a depth of up to 14 m. The advantage of this method is that
the excavation can be carried out in a dry building pit.

For greater depths only the so called wall/slab system can be used. This paper deals with new
technologies and developments applied in the construction of the deepest parts of the building
pits, where steel-fibre concrete was used on a large scale for the first time.

2. Wall/Slab System

According to Fig. 2¢ the construction of the building pit comprises the following steps.

Driving of the sheet piling or construction of the slotted walls

Excavation of the building pit to the ground water level and setting of the anchors

Further underwater excavation down to the required level

Driving of the tension piles from a pontoon, in this case steel profiles as vibration injected piles
Concreting of the underwater concrete slab

Pumping out of the building pit, after hardening of the underwater concrete slab

If necessary, local defects have to be sealed by injections

The task of this underwater concrete slab, in connection with the tension piles, is to secure the
overall stability as well as the water tightness of the building pit.

3. Steel Fibre Reinforced Concret Slabs

Normally the verification of such an underwater concrete slab is based on a simple computational
model. It is assumed, that the external loading is carried by spatial arches within the slab towards
the anchoring points of the tension piles, whereas the resulting horizontal force is balanced by the
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Fig. 2: Simple computational model for the
verification of underwater slabs

external earth and water pressure on the
surrounding walls. These anchoring points are
normally considered to be fixed (Fig. 2).

Such a simple computational model is under
normal circumstances  sufficient for the
successful erection of underwater slabs in
smaller, straight building pits. For large area
building pits with irregular shapes and
misalignments within the slab, it has to be
assumed and was shown by calculations that
bending moments within the slab due, to a
different load deformation behaviour of 2,000
piles, water pressure and the external normal
force are unavoidable. Therefore, it was
intended to avoid the brittle behaviour of a
plain concrete slab and to obtain a robust and
ductile construction, using steel fibre
concrete.

3.1 Tests on Plain and Steel Fibre Reinforced Concrete Slabs

In order to carry out additional laboratory tests on larger scale test specimens, funds were made
available by the client in order to examine the load carrying and deformation behaviour of these
slabs. These tests were carried out at the iBMB laboratory on one plain and two steel fibre
reinforced slabs with dimensions of 3 « 3 m and a thickness of 28 cm. One important feature of
these tests, the simulation of an evenly distributed high water pressure was realized with the
simple but reliable concept of a layer of cork plates underneath the test specimen. The load was
applied by 9 hydraulic jacks as indicated in Fig. 3. For the first fibre reinforced slab the fibre
content was 60 kg/m* DRAMIX 60/0.8 and for the second 40 kg/m* DRAMIX 50/0.6.
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Fig. 3: Results of test loading - plates with plain and steel fibre concrete

The test results (Fig. 3) can be summarized as follows. The ultimate load bearing capacity of the
plain concrete slab was reached by exceeding the conrete tensile strength. At this point, an
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unannounced and sudden brittle failure occured, the slab broke up into several pieces (Fig. 4). In
comparison to this failure mode, the fibre reinforced slabs showed an entirely different behaviour.
It can be seen from Fig. 3 that in comparison to the plain concrete slab, the ultimate load beanng
capacity of the steel fibre reinforced slabs was more than doubled.

Fig. 4: Remains of the plain concrete slabs after failure

One other important aspect is the high deformability of the steel fibre reinforced slabs. It can be
seen from Fig. 3 that the deformation of these slabs reached during the test is 3 to 4 times larger
compared to those of the plain concrete slab. This means that steel fibre reinforced concrete slabs
show an extremely ductile deformation behaviour which - as different deformations due to ground
movements in such a large building pit can not be excluded - will add to the overall safety and
reduces or even excludes the risk of a sudden failure.

Fig. 5: Specimen with steel fibre content of 40 kg/m’ concrete
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These results showed clearly, that steel fibre reinforced concrete slabs have an inherent additional
redundancy and therefore possess a higher degree of performance safety. The fibre reinforced
slabs did not break into several pieces, in contrary, they could be lifted as a whole from the test
floor. One of the fibre reinforced test slabs can be seen in Fig. 5, were the yield lines are clearly
recognizable. From this yield line pattern a simple model was developed for the dimensioning of
these slabs.

4. Large Scale Tests on the Building Site

Under German building regulations, building materials which are not covered by normal buildung
standards and/or codes have to be obtain a special permission. This ensures that the new building
material or method conforms with existing standards. In this context, it had to be proven in a
large scale test under building site conditions that the following conditons could be met:

Pumping of steel fibre concrete over long distances
Concrete hardening and compacting under water
Aggregate and fibre distribution over the cross-section
Enclosure of the pile-heads

Low heat of hydratation.

These additional tests were carried out by
a test concreting with different concrete
mixes into steel containers. Fig. 6 shows
the steel container of one test specimen
prior to lowering into the building pit. The
cross-section of these containers was 1.2 «
1.2 m with a total length of 4.0 m.

A total of 6 underwater concreting tests,
together with 4 additional pumping tests,
had to be carried out. The six underwater
concreting tests were necessary as - even
though the concrete mixes were based on
extensive preliminary laboratory tests with
regard to the concrete properties,
composistion and slump - some of the first
mixes showed an extremely high retarding
. time. Even if these concretes reached their
intended strength (C 20/25) in the end,
such an unpredictable behaviour could not
be to tolerated. Therefore, these test
proved to be really valuable, as they
showed the behaviour of the different
i concrete mixes under building site
conditions in comparison to defined
laboratory conditions. In order to prove,
that the heads of the tension piles were
totally enclosed by the steel fibre concrete
Fig. 6: Steel container with two pile heads and, additionally, that there was an even

steel fibre distribution over the cross
section, the test specimen had to be cut through the pile head.
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Fig. 7 shows the cross section through
such a test specimen which was cut with a
diamond saw. The close inspection
showed, that the pile head was properly
enclosed by the steel fibre concrete, an
even fibre distribution over the cross
section can be achieved and no
disintegration of the concrete structure
did occur.

The laboratory tests and the concreting
tests on the building site showed that all
required preconditions set for the special
approval could be met. Therefore, it was
finally decided to use this new technology
for the deep building pits at the Potsdamer
Platz.

In the meantime more than 40,000 m* of
underwater steel fibre reinforced concrete
slabs have been successfully executed in
Berlin.

Fig. 7: Cross-section of a test specimen

5. Composite Behaviour - Steel Fibre Concrete / Structural Concrete

In order to examine the behaviour of a composite construction - steel fibre concrete in connection
with the overlaying structural concrete - a tentative test according to Fig. 8 was carried out.
During the test the joint between the two concrete layers was injected with water in order to
simulate the later water pressure.
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Fig. 8: Composite beam test set-up

The test results can not be discussed here in detail, but they showed that both parts of the beam
act more or less monolithically together and that the ultimate load of such composite construction
is close to that of a monolithical beam. This means, that the consideration of such a composite
behaviour in the actual design would lead to a more economical construction due to a reduction in
the overall thickness and a reduction in excavation work.
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