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ABSTRACT

Unidirectional carbon fibre-reinforced polymer (CFRP) materials represent a promising alternative to steel
because of their lightweight, high tensile strength, and excellent corrosion and fatigue resistance. Stress-ribbon
structural systems define the potential application object of unidirectional flat CFRP strips. However, anchorage
difficulties make this idea problematic—the typical gripping systems are inefficient for anchoring the CFRP
ribbons because of the tremendous thrust forces-induced stress concentration. Thus, the innovative frictional
spiral anchorage system of the flat CFRP strips is the object of this study, which formulates the design principles
for the frictional joins. Furthermore, the proposed theoretical model minimises the gripping system size, satis-
fying the CFRP strength limitation when the developed modified Archimedean spiral determines the shape of the
contact surface. This work experimentally demonstrates the theoretical concept’s adequacy—the mechanical
resistance prediction error does not exceed 7% in the loading range covering the service load conditions. In
addition, the manuscript presents several examples of frictional gripping systems, including the stress-ribbon

pedestrian bridge prototype, and provides further insights into the frictional anchorage systems.

1. Introduction

The need to develop materials with mechanical properties tailored
for construction has resulted from the current industrial trends [1].
Unidirectional carbon fibre-reinforced polymer (CFRP) materials
represent a promising alternative to steel because of their lightweight,
high tensile strength, and excellent corrosion and fatigue resistance
[2-4]. Stress-ribbon structural systems allow applying the unidirectional
flat CFRP strips. These systems are efficient for pedestrian bridges and
long-span roofs [4,5]. However, tremendous thrust forces acting on the
ribbons and the CFRP materials’ vulnerability to the stress concentration
in the clamped region raise the anchorage problems [5-7], and the
typical gripping systems are inefficient for this purpose, causing the
stress concentration in the ribbon [8,9]. Furthermore, the CFRP shear
resistance and compressive strength are only about 1/10-1/20 of the
longitudinal tensile strength [10]. Therefore, reducing the peak clamp-
ing stresses determines the current research interest [9,11,12].

The first bridge prototype with CFRP ribbons was constructed in
Germany in 2007 [13]. The non-laminated strip-loop cables formed the
load-bearing component of the bridge system, conforming to the

terminology [14]. Meier and Winstoerfer patented this close-loop ribbon
concept in 2001 [15] when unidirectional continuous CFRP (thermo-
plastic) tapes layer-by-layer wound around the pins at the supports. As a
result, this cable system has a uniform strain distribution. Furthermore,
the disintegrated structure of the wound layers reduces the bending
stress concentration on the supports, which could dramatically increase
with the thickness increase in the laminated strips [5]. At the same time,
the non-integrity of the ribbon structure makes it highly vulnerable to
the failure of any CFRP layer because of the continuous wound layout,
representing a single long strip, and the absence of adhesive contact
between the layers, which could prevent the loops from being released.

The authors proposed a frictional spiral anchorage system [16] to
overcome the stress concentration problem and preserve the structural
integrity of the flat CFRP strip. Following the proposed scheme, the
contact surface curvature equals zero at the strip entering point and
gradually increases in the anchorage device, as Fig. 1a shows. The in-
ternal clamps fix the CFRP strip at an early loading stage until the main
spiral grips activate the frictional shear stresses, reducing the axial load
gradually over the spiral length. Thus, the internal grips do not face
significant tensioning; the resultant tensile stresses in the strip due to the
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tension and bending loads’ combined effect do not exceed the tensile
strength because of the balance between the curvature increase of the
spiral support and steadily decreasing the tension force. The ratio be-
tween the external load and the internal clamps’ reaction, i.e., the
traction coefficient, describes the anchorage effect. This coefficient de-
termines the design parameter, and the study [16] verified the corre-
sponding analytical model by testing the anchorage prototype with the
polymeric grips. However, the development of an efficient geometry of
the spiral grips remained beyond the scope of the previous work.

This study develops the anchorage prototype optimising the geom-
etry for compact spiral distribution to ensure the gripping system’s
specific traction ratio. The modified Archimedean spiral determines the
optimised solution, which is the experimental verification object of this
research.

2. Theoretical concept
2.1. The current state of knowledge

Unidirectional FRPs are vulnerable to loads misaligned with the fibre
orientation. For instance, the 1° load deviation reduced the FRP resis-
tance by 30% [17]. The end-tab bonding can solve this problem, but the
faulty installation can cause premature failure of the FRP samples [6],
with the tab material’s rigidity affecting the ultimate resistance [18].
Furthermore, the friction-induced shear stress distribution is not uni-
form, with the peak localised at the contact boundary edge [11,18-20].
The above mechanisms concentrate the strip stress inside the anchorage
devices, causing a premature failure of the FRP component [16].

Pagano et al. [21] experimentally related the reliability of the tab
connection with reducing the stress peak, moving it inward the gripping
device. Eliasson et al. [22] applied the stress shifting scheme to improve
the anchorage device’s fatigue resistance. The latter feature is vital for
structural stress-ribbon systems continuously facing dynamic and cyclic
loads [7]. Unfortunately, the developed anchorage systems are feasible
for laboratory tests only.

Furthermore, the frictional systems cannot remove the stress peak,
smoothing it over the contact zone. Moreover, the stress distribution
shape, in essence, does not change, i.e. the stresses from the maximum
value appearing at the entry of the gripping device decrease throughout
the contact surface [16]. Portnov et al. [8] developed the variable cur-
vature anchorage concept to control the friction-induced stresses over
the contact surface. Unfortunately, the experimental implementation of
this idea was not successful—the failure of the CFRP strip inside the
grips indicated the systems’ inability to smooth the contact stresses
efficiently.

The study [16] presented the evolutionary development of the fric-
tional device capable of anchoring a high-strength unidirectional CFRP
strip when the logarithmic spiral describes the contact surface geometry.
This study extends the developed analytical model for optimising the
anchorage prototype size essential for engineering applications.
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2.2. The research idea

The simplified approach assumes a single contact surface problem
when the flexible strip transfers the applied tension to the spiral surface
through the friction effect, gradually increasing the shear stresses on the
contact surface.

Fig. 1a schematises the spiral anchorage system. The contact surface
has no curvature at the entering point, and the CFRP strip direction
coincides with the external load P. The anchor block fixing hole locates
at the same line, preventing the gripping system’s rotation and losing the
frictional contact. Hence, the fixing reaction has the same magnitude as
the force P. The curvature of the contact surface gradually increases
inward of the spiral support. Therefore, the anchorage system accumu-
lates the shear stresses at the contact surface, steadily reducing the axial
force in the CFRP strip. In other words, the frictional forces move the
stress concentration inside the anchor, reducing its magnitude.

The previous study [16] showed that the appropriate choice of the
spiral surface shape could balance the tension- and bending-induced
tensile stresses in the strip remaining below the CFRP tensile strength.
The friction coefficient controls the load-transferring process; the con-
tact surface curvature and flexural stiffness define the stress distribution
over the strip cross-section height—decreasing the surface curvature
decreases the bending stresses but increases the anchorage system’s
dimensions. This study aims to optimise the anchorage geometry, i.e., to
minimise the dimensions of the anchorage block. This limitation is
essential for the engineering application of the developed gripping
system.

2.3. The analytical model

The model assumes a constant friction coefficient f, absolute rigidity
of the spiral support (Fig. 1a), inextensible strip material, and rectan-
gular cross-section of the strip. Fig. 1b shows the load components
acting on the curve segment, where the points O and O; are the centres
of the curve and the circle of curvature drawn at a point L with radius p
determined as

p = ds/db. @

The following formulas describe the equilibrium condition of the
unite curve segment ds in the projection on the n and 7 axes (Fig. 1b):

ds
n: (2P+dP)sin2—;de:0; @

ds
T chosﬁ —dF; =0, dF; = fiN, (3)

where P, N, and Fy are the axial, tangential, and frictional forces. The
authors [16] expressed the solution of the above equation system in
terms of the traction ratio:

P+dP

Fig. 1. Spiral frictional anchorage concept: a) a principle scheme; b) force components acting on the flat strip.
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X = Pin/Pnur = eXp(/vzf.pilds>7 (4a)
(3]

where P, and Py, are the load components up-coming to the curve
segment ds and out-coming from it (Fig. 1b). Under the constant friction
coefficient assumption, the above equation transforms as

7 =exp <f o /wZ p’]ds>. (4b)
4

As mentioned in the previous section, the contact surface curvature
affects the dimensions of the anchorage system. The study [16] experi-
mentally investigated the mechanical efficiency of the anchorage block
having the logarithmic shape of the CFRP contact surface. Therefore,
this study uses this frictional gipping system as the reference; the
Archimedean spiral describes the alternative anchorage system because
of the potential compactness of the frictional grips. The reader can find a
detailed explanation of this choice in the article [16].

The following equations describe the polar coordinate formula and
traction coefficients of the logarithmic and Archimedean spirals:

r=Cieexp(Co9), y=explfe(p,— )k )
r==Cieq", )(:exp{f(%—z,o]than’lﬁftan’lﬁ)]7 6)
n n

where Cj, Cp, and C3 are the geometry coefficients; ¢; and ¢y are the
initial and final angles of the spiral in polar coordinates, describing the
integration boundaries for determining the ratio y, see equation (4); n =
1 is the Archimedean spiral exponent. The above equations demonstrate
the importance of the friction coefficient f and the integration bounds on
the anchorage efficiency determined by the traction ratio y.

This study employs the logarithmic spiral coefficients from the
article [16]:

2 1
Ci =@, C = ;ln\/CD; O = 2‘6, 7)

where @ is the Golden Ratio. The Archimedean spiral, i.e. Eq. (6), as-
sumes the following coefficient:

_5
=4

G ®

The above coefficient determines the constant distance between the
revolution branches equal to 100 mm (under assumption n = 1).

The considered anchorage system (Fig. 1a) resists the applied tension
mainly by frictional forces—the tensile stresses due to the tension and
bending loads should not exceed the CFRP strength. The initial radius r;
depends on the flexural stiffness and strength of the CFRP strip, deter-
mining the anchorage joint dimensions. The following equations
describe the initial angle of the investigated spirals:

T Inry -
= — 1 | —logarithmic curve; 9
=3 (]m/d) ) ¢ i ©
@, = (r1/C3)"" — Archimedian curve. (10)

2.4. The anchorage joint of the pedestrian bridge prototype

This section considers the anchorage joint of the pedestrian bridge
prototype tested in the Laboratory of Innovative Building Structures at
VILNIUS TECH [7]. The flat ribbons of the bridge prototype faced a 170
kN thrust force. This load is considered the design condition, deter-
mining the traction coefficient equal to 56.67 under the assumption that
internal mechanical grips (Fig. 1a) resist the residual 3 kN axial load.
That assumption is acceptable for the bolted fastening joints [23,24].
The Carsoprate E 170 by Marer is used in this study as the flat ribbon. The
producer describes the following material properties: elasticity modulus
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E =170 GPa; tensile strength f, = 3.1 GPa; thickness t = 1.4 mm; width
b =50 mm.

Fig. 2a and 2b show the gripping schematics of the logarithmic and
Archimedean spirals; the schemes are rotated, distributing the strip
horizontally at the anchorage entry. The thick black line shows the CFRP
strip. The dashed lines indicate the tangent lines determined at the spiral
surface’s flat strip entrance and exit. The thin red lines describe the
Cartesian coordinates. The Archimedean curve (Fig. 2b) determines a
more compact anchorage joint than the logarithmic alternative for the
same traction ratio y—the corresponding outer radius r, equals 284.5
mm and 586.6 mm.

The previous studies [7,16] identified the strip flexural stiffness as
the central feature determining the frictional anchorage geometry
because of the axial and bending load summation. In the considered case
(rectangular cross-section), the following condition determines the ul-
timate resistance of the CFRP strip:

P(p)

t
—F+Ee——~</f,

reb 2er(e) @ € p1;0,]. (1D

The above condition demonstrates that the bending effect increases
with increasing the strip thickness t and elasticity modulus E.

Although the Archimedean spiral ensures the compact anchorage
joint solution (Fig. 2b), it assumes a constant distance between the
revolution branches. Still, the frictional stress effect is not identical for
each spiral revolution. Tailoring the exponent n in Egs. (6) and (10) can
optimise the joint’s geometry.

2.5. Optimising the anchorage geometry

The load-bearing capacity of the internal clamps (Fig. 1a) determines
the required traction ratio:

x =P/R, (12)

where P and R are the applied load and resistance of the internal clamps
(Fig. 1a). The following equation accounts for the bending effect,
describing the inner radius r; under the assumption of P(¢) = R:

t

rlg) = 10elly e Ex e )

©0.140.5|], (13)

where y is the safety factor (in the study [16], y = 1.5 was used following
the authors’ engineering judgement); the norm ||x|| defines the rounding
of the operand x to the nearest integer number. The above expression
ensures rounding the required radius up to 10 mm. Eq. (10) determines
the corresponding angle ¢;.

The following formula defines the iterative solution process because
of the emergence of the unknown angle ¢, in both equation sides:

1
—tan’l%—i-%—i-(p,, (14)

where f is the friction coefficient; this study employs the experimental
value of this coefficient, which was determined on the cylindrical sur-
face and verified through the theoretical analysis in the article [16], i.e.
f = 0.4. The assumed value also corresponds to the friction parameter
reported by Katsumata et al. [25].

Eq. (13) defines the required outer radius r by assuming P(¢) = P.
The following expression finalises the optimisation process, determining
the efficient exponent of the power function in formula (6):

n=1In (%) /Ing,. (15)

The article [26] describes the possible iterative solution using Excel
spreadsheets.

Fig. 2¢ and 2d show the Archimedean spiral’s optimisation exam-
ples. Fig. 2c represents the solution alternative to Fig. 2b. The proposed
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a)

Coordinates are in mm

Spiral type: Modified Archimedean
Exponent n =1.097

Outer radius r, =270 mm

Inner radius r; = 60 mm

Angle (¢, — ¢1) = 565°
Coefficient y = 56.67

Coordinates are in

3

m

c)

Spiral type: Logarithmic
Outer radius r; = 586.6 mm
Inner radius r; =125 mm

Coordinates are in mm
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Spiral type: Archimedean
Exponentn=1

Outer radius r, = 284.5 mm
Inner radius r; = 125 mm
Angle (¢, — ¢1) = 574°
oefficient y = 56.67

Coordinates are in mm

b)

Fig. 2. Stress-ribbon bridge anchorage joints: a) logarithmic spiral for 1.4 mm thickness strip; b) Archimedean spiral for 1.4 mm strip; ¢) and d) the Archimedean

spirals optimised for 1.4 mm and 4 mm CFRP strips.

optimisation process reduces the inner and outer radii from 125 mm and
284.5 mm to 60 mm and 270 mm, though the geometry does not change
substantially.

Fig. 2d shows the results determined for the CFRP strip with the
following geometry and mechanical properties: elasticity modulus E =
200 GPa; tensile strength f, = 2.0 GPa; thickness t = 4 mm; width b = 50
mm. The comparison of Fig. 2¢ and 2d reveals that the strip properties
affect the frictional anchor geometry designed for the same conditions, i.
e. the geometry coefficient C3 = 50/ z, the load P = 170 kN, the traction
coefficient y = 56.67, and the safety factor y = 1.5. Notwithstanding the
increase in the load-bearing capacity of the alternative strip (2.0 x 4 x
50 = 400 kN > 3.1 x 1.4 x 50 = 217 kN), the CFRP parameters’
alteration increases the inner and outer radii from 60 mm and 270 mm
to 310 mm and 530 mm, i.e. more than two times.

3. Experimental verification of the model

This section experimentally verifies the adequacy of the theoretical
assumptions (Section 2.3), the design constraints expressed in the

traction coefficient, y, and the safety factor, y, terms, and the optimi-
sation procedure itself (Section 2.5). This verification extends the
experimental approach from the article [16] and, thus, addresses the
results of the already tested logarithmic spiraloid. Thus, the following
section briefly summarises the published outcomes.

3.1. Logarithmic anchorage system

The study [16] developed the logarithmic spiral prototype from
polylactic acid (PLA) using 3D printing technology. The test object was
the 10 x 0.5 x 1000 mm CFRP strip specimens from Easy ComposITES
(UK). The mechanical tests of the CFRP samples and preliminary
analytical calculations, Eq. (11), determined the allowable initial radius
r; = 60 mm; Egs. (9) and (10) have defined the initial angle ¢; of the
logarithmic spiral as 25.16 rad. Fig. 3a shows the corresponding sche-
matic determined for the 2z angle of the contact surface.

Fig. 3b shows the tested polymeric prototype of the logarithmic
frictional grips. The additional conical grips were located inside the
anchorage system to activate the friction forces during the initial loading
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Fig. 3. Anchorage prototype tested in [16]: a) logarithmic spiral; b) the polymeric prototype; c) tests setup.

stage. Fig. 3¢ demonstrates the test setup. Fig. 3a describes the geometry
of the frictional surface.

The tests [16] proved the proposed gripping system efficiency—the
CFRP strip failure (localised outside the anchorage block) has resulted
from the tensile stresses exceeding the CFRP strength. The tests also
proved the analytical model described in Section 2.3—the average co-
efficient y was equal to 12.2, which agrees with the theoretically pre-
dicted value of 12.5 from Eq. (5).

3.2. Optimised Archimedean prototypes

The test setup, materials, and prototyping technology in this study
are identical to the investigation [16] except for the pultruded CFRP
strips purchased from the same manufacturer (Easy Composites) but after
two years from the first tests. Similarly to the previous study, the 300
mm long coupons of the 0.5 x 10 mm CFRP strip were tested following
the ASTM D 3039/D 3039 M—07 standard requirements. The following
characteristics were obtained in the tension tests: ultimate stress oy, =
1695.1 + 20 MPa, ultimate strain ey, = 1.08 + 0.04%, and elastic
modulus E, = 149.1 + 3.1 GPa. In the previous tests [16], the corre-
sponding values were 1897.7 + 49 MPa, 1.27 + 0.04%, and 138.2 & 0.9
GPa. The 10% reduction in the tensile strength of the CFRP material is
noticeable.

Two alternative gripping systems were designed using the modified
Archimedean spiral as governing curve, i.e. Eq. (10). Section 2.5 de-
scribes the prototype geometry determination procedure; Table 1 pro-
vides the design parameters. The mechanical parameters of the CFRP
strip were assumed from the tests [16]. The previous investigation used
the safety coefficient value typical for structural applications [6,23], i.e.
1.5; the mechanical performance of the 3D-printed polymeric material
was also unknown. However, the physical tests [16] demonstrated
outstanding performance of the printed grips and the efficiency of the
frictional anchorage system (ensuring the necessary traction ratio) and
sufficient treatment quality of the frictional contact surface, avoiding
the stress concentration in the CFRP strip.

The above result ensured the safety factor reduction to 1.15 in this
work, reducing the anchors’ geometric dimensions (radius) for 3D

Table 1

Design parameters of the modified Archimedean spirals.
Parameter Spiral S10 Spiral S20
Design load, P [kN] 8 8
Traction coefficient, y 10 20
Friction coefficient, f 0.4 0.4
Safety factor, y 1.15 1.15
CFRP strip geometry width x thickness [mm] 10 x 0.5 10 x 0.5
CFRP strength, f, [MPal* 1900 1900
CFRP modulus of elasticity, Ef [GPa] 140 140

“ The value from the previous tests [16].

printing. The current physical experiments will check the adequacy of
this assumption. Note that the safety factor affects only the local stress
concentration because of the combined action of the axial force and
bending moment [Eq. (13)] and does not affect the traction ratio, rep-
resenting the design object. In other words, the frictional surface quality
characteristics define the assumed safety parameter. At the same time,
extensive tests are necessary to determine the adequate safety factor
value for developing the frictional gripping device. Furthermore, the
cyclic loads, typical for bridge superstructures [4,7], could affect the
anchors’ mechanical resistance.

Table 1 indicates that only the traction coefficient was the design
variable in this study, and the specimen notation highlight this fact.
Fig. 4 shows the designed spirals and corresponding models adopted for
3D printing. The developed models include space for the internal grips.

This study employs the same equipment and printing procedure as
the research [16]. Furthermore, the authors experimentally determined
the mechanical characteristics of the printed material, polylactic acid
(PLA), in the study [27]. The tests identified the following material
parameters: the tensile strength = 37.7 MPa and the elastic modulus =
5.8 GPa. The 3D models of the spiral disks (Fig. 4) were created with
AutoCap and processed using PrusaSLicer 2.3.3 software. The printing
layout contained 50 layers of 0.3 mm in height. The 15 mm thickness
anchorage prototypes were produced using a Prusa i3 MK3 3D printer
with the following printing parameters: the speed = 40 mm/s; the
volumetric flow rate = 5 mm>/s; the extrusion nozzle and printing bed
temperatures were equal to 215 °C and 60 °C. The identical printing
layout of both prototypes assumed two “shells” having 100% infill,
which formed the perimeter surfaces of the prototypes; the rectilinear
raster infill created the sample body having 60% density.

The previous study [16] estimated the friction coefficient, f, on the
cylindrical surface with sandpaper #800 as 0.40 + 0.03 (mean value
from five tests). Therefore, before the mechanical tests, the sandpaper
was adhesively connected to the surface in contact with the CFRP strip.
This procedure ensured the spiral disc’s exact (known) friction charac-
teristics—this condition is mandatory for the analytical model (Section
2.3). In addition, the sandpaper smoothed the 3D printing defects
(grooves of the printing layers), avoiding local failure of the unidirec-
tional CFRP strip. After that, the printed disks were mounted on the steel
support plate using 6 mm bolts and centred in the test apparatus, as
Fig. 5 shows.

Test results of six 1000 mm long CFRP samples (three specimens for
each spiral anchor, Fig. 4) define the object of this study. The MTS
809.40 servo-hydraulic testing apparatus (MTS Systems Corp., USA) with
250 kN load cell applied the external tension under displacement control
and 2 mm/min speed. Fig. 5b and 5c¢ show the test setup. The previous
tests [16] identified unstable deformation behaviour of CFRP strip cor-
responding to the initial, small deformation range because of the finite
slippage of the internal grips (Fig. 3b). On the other hand, the strain
measurements [16] did not identify significant deformations localised
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Spiral type: Modified Archimedean

Exponent n =1.107
Outer radius r, = 140 mm
Inner radius r; = 30 mm
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Fig. 5. Modified Archimedean anchorage: a) internal fixator of the CFRP strip (numbers indicate the stain-gauge position); b) test setup S10; c) test setup S20.
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near the extra grips. For instance, the minimal traction coefficient in-
dicates a decuple reduction of the design load (=8 kN). Therefore, this
study employs the simplified supplemental gripping system, where a
grooved steel angle replaced the conical grips. Fig. 5a shows a close view
of the internal clamps. All specimens in this study were pre-loaded up to
2 kN to tighten the test components and activate the internal fixator.
After that, the external loading was diminished until the zero reaction,
but minimal tension remained on the strip; the indicators (strain gauges)
were zeroed, and the test went forward to failure of the CFRP specimen.

3.3. Test results of the Archimedean prototypes

Six 120 Q strain gauges with a 1.5 mm measurement base measured
deformations of the CFRP strip, as Fig. 5a shows—the devices “1” and
“6” were placed at the straight segments of the CFRP strip outside and
inside the spiral grips; four remaining gauges were distributed over the
contact surface. The latter readings estimated the bending effect simu-
lated by the second component of the sum in Eq. (11), where the fraction
describes the bending-induced tension strain &(¢) in the CFRP strip of
thickness t. Following this approach and projecting the gauge location to
the printing scheme (Fig. 4a), the local radii rp = 88 mm, r3 = 75 mm, r4
= 56 mm, and r5 = 37 mm would induce the following strains in the
CFRP strip (t = 0.5 mm): e = 0.284%, 3 = 0.333%, €4 = 0.446%, and ¢5
= 0.676%. These theoretical strain values agree well with the bending
deformations of the strip measured at fully assembled spiraloid S10
before the mechanical loading, i.e. e = 0.289%, e3 = 0.332%, ¢4 =
0.447%, and ¢5 = 0.684%, proving the theoretical concept in Section
2.3.

Fig. 6a shows the CFRP strip deformations measured on a tested S10
anchor related to the external load P. Three identical spiral anchors were
tested to ensure the reliability of the results. The strip failure outside the
gripping system resulted from all these tests. This outcome proves the
reliability of the proposed anchorage concept. In particular, the tests
demonstrated the 8.59 kN, 8.57 kN, and 8.87 kN ultimate resistance of
the CFRP strip (i.e. 8.68 & 0.17 kN) that agree with the tensile coupon
resistance (8.27 £+ 0.16 kN) determined following the ASTM D 3039/D
3039 M—07 standard requirements (Section 3.2).

Remarkably, Fig. 6a demonstrates the deformation diagrams
neglecting the bending effect on the stress-ribbon deformation state, i.e.
the “2"-“5” gauges’ readings captured before the mechanical loading.
Such representation of the test results is typical for field measurements,
e.g., [5,13]. However, the previous study [16] highlighted the essential
bending effect on the mechanical resistance of flat CFRP composites.
Therefore, Fig. 6b shows the deformation diagrams shifted to the posi-
tion corresponding to the initial strains measured at the outer surface of
the CFRP strip (Fig. 5a).

As expected, the ultimate deformation of the shifted diagrams does
not reach the maximum value estimated by the gauge “1” (placed
outside the anchorage system) that well agrees with the ultimate strain
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&xu = 1.08 & 0.04% defined in the standard tests (Fig. 6b). Fig. 6a shows
the overlapping of the diagrams corresponding to the “5” and “6”
gauges’ readings; Fig. 6b demonstrates the mirrored inclination change
of these diagrams corresponding to the 5 kN load. All S10 anchorage
samples showed almost identical deformation behaviour. Such an
outcome could indicate a minor release of deformations between the “5”
and “6” gauges, resulting from insufficient length of the frictional con-
tact surface and inefficient location of the fixing hole near the inner edge
weakening the polymeric support (Fig. 4a).

The above limitations were considered when composing an alter-
native spiraloid, where the traction factor was doubled. The alternative
S20 gripping system was equipped only with two strain gauges (“1” and
“6”) to simplify the testing layout (Fig. 5c¢).

The S20 anchor set consisted of three identical samples of CFRP strip
in the same manner as the S10 series. None of the tested samples faced
failure of the CFRP strip inside the gripping spiral system. Unfortu-
nately, only one CFRP sample reached the expected ultimate load (8.70
kN); Fig. 7a shows the deformation diagrams of the tested S20 anchor.
The explanation for the premature failure of the other two samples (the
maximum load was equal to 6.48 kN and 6.10 kN) could be related to the
production technology—the latter two CFRP samples belonged to the
newest batch of the same producer and were purchased after two years
from the first specimen series considered in all the previous tests and
demonstrated the ultimate resistance exceeding 8 kN.

4. Discussion of the test results
4.1. Adequacy of the theoretical model

Fig. 7b shows the traction coefficients for the tested spiral anchorage
prototypes. The vertical dashed lines on the diagram indicate the theo-
retical values of this coefficient. A good agreement between the pre-
dicted and actual traction coefficient values can be observed in a specific
loading range. The model demonstrates the 6.1% and 6.4% prediction
errors for the S10 and S20 anchors in the shaded areas. These results
align with the previous tests of the logarithmic spiral, where prediction
error did not exceed 3% (Section 3.1).

A minor release of deformations between the “5” and “6” gauges
discussed in Section 3.3 explains the sudden decrease of the coefficient
x in the S10 sample below the target value (=10). On the other hand, the
variation of the friction coefficient explains the prediction inadequacy
corresponding to the relatively small loading magnitudes. The latter
effect could also result from the pre-loading procedure (Section 3.2)—
the diagrams in Fig. 7b stabilise after the pre-loading bound (=~ 2 kN).
However, this issue requires further investigation.

The shaded areas in Fig. 7b cover the serviceability loading range of
the stress-ribbon structures, which typically corresponds to 55%-60% of
the ultimate load [7]. In the considered case, the 5.0 + 0.2 kN load
determines the service condition. Therefore, the above results prove the
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Fig. 6. CFRP strip deformations measured on spiraloid S10 (Fig. 5a specifies of the strain gauge notation): a) experimental measurements; b) shifted diagrams
accounting for the bending effect (e; = 0.289%, €3 = 0.332%, €4 = 0.447%, and ¢5 = 0.684%).
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Fig. 7. Spiraloid tests: a) measured CFRP strip deformations on sample S20; b) traction ratios.

adequacy of the simplified theoretical model (Section 2.5) for the
design of the spiral anchors of the stress-ribbon structural system
employing high-strength CFRP flat strips, as Fig. 2 exemplifies.

The proposed design equations (Section 2.5) allow compact distri-
bution of the spiral evolutions by satisfying the local strength condition
of the composite strip, Eq. (13). The spiral schematics in Fig. 4 show the
characteristic examples when only the strength condition determines
the dimensions of the spiral grips. In other words, both anchors have
identical internal and external radii, r; and ry, which depend on the strip
strength and stiffness, but ensure different traction ratios, y, distributing
different curvature lengths within the [r;; r2] dimension interval.

The slope of the diagrams “2”-“5” (Fig. 6) is dependent on the dis-
tance of strain gauges to the strip entrance to the gripping device. This
deformation behaviour is associated with the friction force cumulative
nature, reducing deformations of the strip—the decrease in the strains
decreases the curve slope. Moreover, none of the modified diagrams
(Fig. 6b) reaches the CFRP strip ultimate deformation (1.08 + 0.04%,
Section 3.2). On the one hand, that proves the correctness of the choice
of the curved shape of the anchorage block (Fig. 4a). On the other hand,
the consistency of the mechanical parameters of the CFRP strip obtained
during the standard and spiraloid tests proves the suitability of the
proposed frictional anchorage system for physical testing purposes.

4.2. Future research

The previous study [16] revealed the marginal importance of the
deformability of the spiral support on the deformation prediction of the
CFRP strip inside the grips. On the contrary, the variable friction coef-
ficient significantly alters the deformation behaviour of the strip. Fig. 7b
shows the considerable disagreement between the theoretical model and
experimental results. In other words, the Eq. (4a) transformation to
formula (4b) is allowable with significant reservation, and future
research should investigate the friction coefficient evolution corre-
sponding to the small deformations range.

Notwithstanding the above reservation, the adequacy of the pro-
posed design procedure (Section 2.5) is acceptable for developing
efficient stress-ribbon structures. Furthermore, the computer-based ad-
ditive manufacturing principles fit Industry 4.0, accelerating its devel-
opment [28]. However, the prototypes can inadequately replicate the
mechanical resistance of physical objects [29]. Therefore, the upcoming
studies should implement the proposed prototyping technique (Section
3.1) to develop full-scale stress-ribbon structures, e.g., investigated in
the article [7] and depicted in Fig. 2¢ and 2d. In this context, the effects
of dynamic loads, characteristic of slender stress-ribbon systems,
determine the object for future research. In addition, the references
[5,7] pointed out the positive effect of the ribbon pre-stress for solving
the slenderness problem. Therefore, this technique defines a promising
modification of the proposed frictional anchorage system.

5. Conclusions

This manuscript describes an innovative concept for designing a
frictional anchorage system for flat CFRP strips suitable for developing
stress-ribbon structural systems. The proposed spiral anchor resists the
applied tension mainly by frictional forces: the balance between the
support curvature’s increase and the tension force’s decrease controls
the tension stresses in the strip. This manuscript proposes the corre-
sponding design procedure for frictional spiral anchorage systems; the
experimental verification substantiates the modelling results. The
following significant conclusions come from this study:

e The proposed iterative design procedure minimises the gripping
system size, satisfying the CFRP strength limitation when the
developed modified Archimedean spiral determines the shape of the
spiral contact surface. For example, the proposed modification
reduced the size of the frictional support two times regarding the
logarithmic spiral considered in the previous study. Therefore, this
modification allows the practical application of the proposed meth-
odology for designing stress-ribbon structural systems employing
high-strength flexible CFRP strips.

The experimental verification of the proposed theoretical concept
demonstrates acceptable adequacy of the CFRP strip deformation
predictions—the prediction error of the ratio between the external
and outcome loads does not exceed 7%. The adequate predictions
cover the service loading range of the stress-ribbon systems. In
addition, increasing the frictional contact length improves (stabil-
ises) the mechanical resistance of the anchorage join.

The friction coefficient variation corresponding to relatively small
deformations and the frictional anchor resistance to dynamic loads
determine the further research object.
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