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A New Design of Cable Anchor for Ultra-High Fatigue Stress Cable Net of Largest

Telescope in the World

Wanxu Zhu!, Kefei Jia?, Feng Fu?, Dongqiu Lan?, Kai Qian®

Abstract

As the largest filled-aperture radio telescope in the world, China’s five-hundred-meter diameter
Aperture Spherical Radio Telescope (FAST) is supported using a unique ultra-high fatigue stress cable
net structure to enable flexible deformation of the reflector. As each of the supporting cables is required
to be capable of bearing an ultra-high fatigue stress (up to approximately 500 MPa), a new type of cable
anchor is specially designed in this paper to provide required high prestress level in the cables. In this
paper, the stress distribution of the steel strands inside the chilled cast anchor is analyzed, a method for
adjusting the prestress force of the cable anchor is developed which can effectively reduce the stress
concentration of the steel strands inside chilled cast anchor. The relationship between the anchorage
efficiency coefficient and its influencing factors is established, which can be used for the design of the
anchor and to optimize the performance of cable anchorage.
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1. Introduction

As the largest single caliber radio telescope and the most sensitive spherical radio telescope in the
world [1] (as shown in Fig. 1), China’s Five-hundred-meter Aperture Spherical Radio Telescope (FAST)
has helped scientists to discover 51 pulsar candidates since its trial operation in September 2016, 11 of
which have been officially confirmed as new pulsars [2]. FAST’s reflector can deform actively to
generate a 300-meter-diameter instantaneous parabolic antenna to capture the electromagnetic waves

emitted from the object under observation [3-5].

Fig. 1. FAST project Fig. 2. Cable joints in FAST project

As FAST’s reflector is anticipated to complete over 1,000,000 times of active deformation in its
first 30 years of operation, it is important to equip it with a specially designed supporting system to
support the highly demanding operation [6-7]. Starting from 1994, the National Astronomical
Observatories of China (NAOC) together with many universities and research institutes had conducted
feasibility studies of various supporting systems before finally deciding on the cable net structure [8-9]
(Fig. 2). Taking into account the fact that the cables of the cable net supporting system will be subject to
fatigue at an ultra-high stress amplitude up to 470 MPa during the long-term operation, it is required that
the cables have an infinite fatigue life at 500 MPa stress level [10-14].

In comparison, according to current standards [15-17], it is usually required that cable failure be
avoided at a stress amplitude of merely 200 MPa with a maximum stress of 0.4on (where oy is the

standard strength), or, in the cases of a few bridges, at 250 MPa with a maximum stress of 0.45qy
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[18-20]. Wang et al. [21] designed a chilled cast anchor for stay cables, it is capable of resisting bear
over 2 million load cycles with a stress amplitude of 200 MPa. Feng et al. [22] proposed a high-capacity
anchorage system for multitendon carbon fiber-reinforced polymer (CFRP) cables and the associated
construction technology. The cable anchorage system sustained 2 million cycles without any
macroscopic cracks forming in either the cable or anchorage at a maximum stress of 0.45fs (the standard
strength value) and a stress range of 200 MPa. Ping et al. [23] developed an innovative
bonded anchor with steel wedges at the free end. it is capable of resisting bear over 2million load cycles
with a stress amplitude of 161 MPa. Thus, the existing cables need to be improved to meet the
requirement of 500 MPa fatigue stress level.

The performance of cable anchor affects the fatigue resistance of cables [24]. Due to its outstanding
fatigue resistance, chilled cast anchor was u in the FAST project. However, the existing chilled cast
anchor was unable to meet the requirement of 500 MPa fatigue stress amplitude [25]. Besides the
defects of the material itself, the main reason is the serious stress concentration in cable anchor
developed during the working state. The influence of stress concentration on structural performance is
closely related to the loading mode of the structure. Compared with static load or quasi-static load, when
the structure is subjected to cyclic load, the damage accumulation is faster at the position of stress
concentration, so the structure will fail faster. Stress concentration is a key factor affecting the
performance of cable anchor. Reducing stress concentration can improve the fatigue resistance of cable
anchor effectively [26-27].

This research aims to reduce the stress concentration and optimize the fatigue resistance of cable
anchor by adjusting the stress distribution inside the chilled cast anchor. The stress distribution of the
steel strands inside the chilled cast anchor is analyzed, a method of the stress adjustment is developed,

and the relationship between the anchorage efficiency coefficient and its influencing factors is identified.
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Finally, a double-cone cable anchor is proposed with enhanced design, which enables the cables to meet

the aforementioned high standards, and its stress distribution is analyzed.
2. Stress Analysis of Chilled Cast Anchor

2.1 Mechanisms
The structure of a chilled cast anchor filled with epoxy iron sand is shown in Fig. 3. The process of

steel strands being prestressed in the anchor cup can be divided into two phases.

Steel strands Wire splitting plate
— )

Epoxy ironsand  Anchor cup

Fig. 3. Schematic diagram of the chilled cast anchor

Phase I: As shown in Fig. 3, when the steel strands are under tension force F, it stretches, thus
driving the wire splitting plate to move in the same direction, forcing the epoxy iron sand to move into
the anchor cup. As a result of the wedge effect of the anchor cup, the epoxy iron sand is continuously
compressed. The above situation will make epoxy iron sand wrap the steel strands more vigorously. In
other words, the radial pressure on the steel strands from the epoxy iron sand will increase gradually,
and the friction force of steel strands from epoxy iron sand will also increase gradually. In this phase,
steel strands will slip from the epoxy iron sand continuously.

Phase Il: In phase I, steel strands will slip from the epoxy iron sand continuously, but this sliding
is not unlimited. The friction force of steel strands from epoxy iron sand will increase gradually. When
the friction force is equal to the tension force F, steel strands stop slipping from the epoxy iron sand.
With the increase of the tensile force F, steel strands together with the epoxy iron sand continue to stay

compressed, causing the radial pressure of the steel strands and epoxy iron sand to increase. As a result,



the epoxy iron sand is in full contact and matching tightly with the steel strands until a final stable grip
IS achieved.

In most cases, before put to operation, a cable must be pre-tensioned with a tensile force larger
than what the cable will undergo in actual working conditions to eliminate the Phase | slippage between
the steel strands and the epoxy iron sand, and also to ensure a fixed cable length and better fatigue

performance.

2.2. Internal Stress Calculation

Anchor cup

= Di| | \_"_‘ D2

=
= ;
bl = Expoxy iron sand —m{—j=—

T . - !
 Steel Strands - *

Free end Load end

Fig. 4. Calculating diagram of the chilled cast anchor Fig. 5. Cross section

Based on basic rules of Elasticity, the anchor cup is divided, along the steel strands, into n
sections equal in length and the following assumptions are made: 1) The epoxy iron sand is fully
compact; 2) The cable anchor (including the steel strands and the epoxy iron sand) is homogeneous and
elastic; 3) Ignoring radial deformation of anchor cup; 4) Ignoring the influence of shear-lag effect, each
section is always plane.

When an tensile force F is applied to the cable anchor, the steel strands and the epoxy iron sand
will slip from the anchor cup as shown in Fig. 4 where the dotted lines indicate the position after the
slippage; « is the inner inclination angle of the anchor cup; R1 and R: are the radius of the free end and
that of the load end, respectively; D1 and D> are the axial displacement of the free end and that of the

load end, respectively. In Fig. 5, an examined cross section is analyzed, where x is the distance from the



cross section to the free end; R(x) is the radius of the cross section; q(x) is the radial stress. The radial

displacement of the cross section is provided in the equation.
u(x) =-D(x) tan & 1)

where u(x) is the radial displacement of the cross section; D(x) is the axial displacement of the cross

section.

The assumption is made that the cross section is a thick-walled cylinder with a negligible inner
diameter. Therefore, in Fig.5, According to Eq. (45) in the appendix, for point M, the following equation
Is true

o,(X, p) =—q(x) )
According to Eq. (47) (shown in Appendix), the radial displacement of M (i.e., the radial
displacement of the cross section) can be calculated as follows:

u(x) :—%q(x)mx) =—%q(x)(&—xtan ) @3)

where v is the Poisson ratio; E is the elastic modulus.

According to Eq. (1), the axial displacement of M can be calculated as follows:

—xtan a)(1-v—-2v?) a(x)

D(X):(Rl Etanx

(4)

It is assumed that the epoxy iron sand moves in the anchor cup but the length remains unchanged,
i.e., D(x) is assumed to be a constant. The radial stress of the free end and that of the load end are g and

02, respectively, and the radial stress distribution diagram is drawn based on Eq. (4).
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Fig. 6. Radial stress distribution diagram along the whole length

As shown in Fig. 6, the radial stress of the epoxy iron sand increases from q: to g2 along the axial
direction as the distance to the free end increases, and the non-linear correlation is observed. With the
axial deformation of the epoxy iron sand taken into account, the closer the cross section to the load end,
the greater the deformation. Therefore, D>> D3, and Q2 is consequently much larger than g:. The radial
stress distribution at the interface between the epoxy iron sand and the anchor cup (first interface) is
shown in Fig. 7, and the radial stress distribution at the interface between the steel strands and the epoxy
iron sand (second interface) is shown in Fig. 8. According to Fig. 8, the radial stress of the steel strands
is not evenly distributed. To be specific, at the load end, the steel strands bear the largest radial
compressive stress as well as the largest axial tensile stress. Therefore, stress concentrates at this
location, making it a weak spot of the entire cable anchor. The material properties of the steel strands
largely remain untapped due to severe stress concentration at the load end, making it difficult for the
cable net to meet the fatigue requirements at ultra-high stress amplitude as mentioned. The key to an
optimum design is to lower the compressive stress level of steel strands at the load end.
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Fig. 7. Radial stress distribution at the first Fig. 8. Radial stress distribution at the second



interface interface

3. Parameters Affecting Cable Anchor Performance

There are basic requirements for cable anchor, including: 1) sufficient self-anchoring with

anchorage efficiency coefficient that matches the standards; 2) No sliding of steel strands from the
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~— Anchor cup

epoxy iron sand.

>

Steel strands

= Epoxy iron sand

Fig. 9. Calculating diagram of the cable anchor

In below analysis, the anchor cable anchor is divided into n micro- segments with equal length
along the steel strands as shown in Fig. 9, where N;is the radial compressive force from the epoxy iron
sand onto the i segment (i = 1, 2, ..., n) of the steel strands; Fi is the frictional force from the epoxy iron
sand onto the i segment of the steel strands. Vectors are excluded to simplify the analysis.

3.1 Friction Coefficient and Inner Inclination Angle of Anchor Cup

To avoid loosening during the transportation and installation processes, the cable anchor must be
self-anchoring. In other words, after epoxy iron sand is squeezed into the anchor cup, it will not be
retracted back; therefore, the following requirement must be met:

a<p ®)
where o is the inner inclination angle (i.e., the taper angle of the outer surface of the epoxy iron sand); S
is the friction angle of the outer surface of the epoxy iron sand. In most cases, a is approximately equal
to 5°, and £ is approximately equal to 7°.

To ensure zero slippage between the epoxy iron sand and the steel strands, a radial compressive

force must be applied to the epoxy iron sand. When the steel strands and the epoxy iron sand are



considered as one integrated unit, the following equations can be obtained according to the force

balance:

SR -F=YRtn(a+p) - ZHEREED g, ©)

i i
i=1 i=1

where Pj is the radial compressive force exerted on the outer surface of the i segment of the epoxy iron
sand; i is the radial stress on the outer surface of the i segment; ri is the outer radius of the i segment;
H is the total length of the epoxy iron sand; n is the total number of micro-segments.

In another case where the epoxy iron sand and the steel strands are considered as two separate
components, to ensure no sliding of the steel strands from the epoxy iron sand, the following must be

true:
F< ,UZ N; (7)

where x is the equivalent friction coefficient between the steel strands and the epoxy iron sand.
Considering the possibility of the epoxy resin aging, the bond between the steel strands and the

epoxy iron sand is excluded from the analysis, therefore:

27d_|tanrd+ﬂ)iqiriS#iai (8)

i=1
where d is the equivalent radius of the steel strands; i is the radial stress of the steel strands of the i"
segment.
According to Eq. (2), gi = q;; SO
u> %tan(a + ) )
To ensure zero slippage, replace riwith R1; so

ﬂz%tamum (10)



where it can be seen that the larger the inner diameter of the free end of the anchor cup is, the more
likely the steel strands are to slide. Therefore, small values of R: will be favorable for improved cable

anchor performance.

3.2 Factors Influencing Anchorage Efficiency Coefficient

For every segment of the steel strands, the first principal stress o1 is approximately equivalent to
the axial tensile stress, and the third principal stress o3 is approximately equivalent to the radial
compressive stress. Taking into account the stress concentration of the axial tensile stress and the radial
compressive stress due to factors such as the heterogeneity of the epoxy iron sand materials, the
following equations are obtained:

0, = kinOyi; 03 =Kis0y (11)
where &, is the average axial tensile stress of the i segment; &, is the average radial compressive stress
of the i segment; kiy is the stress concentration coefficient of the axial tensile stress of the i segment;
and kis is the stress concentration coefficient of the radial compressive stress of the it segment.

Generally speaking, all segments share the same value of the stress concentration factor; therefore,
ki and ks are used to represent the stress concentration coefficients of the axial tensile stress and the
radial compressive stress, respectively. According to material mechanics, o1 - o3 < op. Thus, the
following is obtained:

k.o — k04 < 0 (12)
where oy is the standard strength of the steel strands.

As for the i segment of the steel strands, according to material mechanics, the average axial stress

of steel strands is shown as
_ F F;
Op=—=—» — 13
1i Si S ( )
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where S; is the cross-sectional area of the it segment of the steel strands.

For different segments of the steel strands, the interface friction between the epoxy iron sand and
the steel strands mostly remains constant. Therefore, it is assumed that, regarding the steel strands, the
radial compressive force N;j is proportionally correlated with the axial frictional force F; in all segments,
which is described as

F. = kN, (14)
where K is the ratio of the radial compressive force to the axial frictional force, k < x. Assuming the
reduction in cross-sectional area due to compression from the epoxy iron sand is negligible, the
following is true:

S, =S (15)

where S is the cross-sectional area of the steel strands.

Drawing on Eqg. (12) and Eqg. (13), we have

> k&S - D ki3S, <no,S (16)
i=1 i=1
dn
ki=— 17
= (17)
n i-1 n
klz(F —ZFJ)—k;Z N, <nF, (18)
i=1 j=1 i=1
n i-1 n
k,(nF=>">"F)—-kiD N, <nF, (19)
i=1 j=1 i=1
where Fy is the standard ultimate tensile force of the steel strands. Also, we have
n i-1
2 2F
i=1 j=1
=(n-DF+(n-2)F,+(n-3)K, +...+2F, , +F.,
n-1 n-2 1 n-3 1 1 nlq (20)
= F+ F,+—-F)+(—FK+=-F+=-F)+...+ ) —F
T Rt RA R R R Rt 2R
n-1 n—-2 1 n-3 1 1 nlq
=K[—N; +(—— N, +=N)+(——N;+=N,+=N))+...+ > =N,
[ 2 1 ( 2 2 2 l) ( 2 3 2 2 2 l) ;2 |]
n it n-1 n—-2 1 n-3 1 1 n-1
Fo<kK[——N;+(——N,+=N,)+(——N;+=N;+=N,)+...+——N 21
2R KN (5 N+ o N (N # o Ng e N+ o] (20)
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F; |
i=1 j=1 i=1
n_i-1 _
>3 F < LE
i=1 j=1 2

Based on the results from the above calculations, the following is obtained:
n-1 ,F
kl(n—T)F +k3? <nF,
As n approaches infinity, the following is true:

—<

. 4

AT d
2k, +—k
1 Hk 3

K<u,so
4

UAS—d
2k, +—Kk,

Hu

when Eqg. (10) is substituted into Eq. (30), the following is obtained:

2
UAS S

k. +k
b aHR, tan(a + B)

ma is defined as the anchorage efficiency index; so

2
S

+k,
HR, tang + f)

m, =

K,

Based on the above analyses, the following conclusions are made:

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)
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1) The larger the anchorage performance efficiency index (ma) is, the greater the anchorage
efficiency coefficient (»a) can be. Eq. (30) shows how to optimize the cable anchor without affecting the
performance.

2) The smaller the stress concentration coefficients (ki and ks) are, the larger na will be. Given that
ki and ks are largely dependent on the elastic modulus and the degree of uniformity of the epoxy iron
sand, measures can be taken accordingly to optimize anchorage efficiency.

3) As can be inferred from Eqg. (30), the longer the epoxy iron sand (H), the higher the anchorage
efficiency coefficient.

4) na increases as the inner diameter of the anchor cup at the free end (R1) or the sum of the taper
angle («) and the friction angle (f) increases, on the condition that there is no slippage.

5) If a is lowered to improve the self-anchoring performance, it is necessary to increase S or H to
keep ki and ks from increasing.

6) In engineering practice, due to the structural size constraints, it is still very difficult to achieve an
even distribution of stress; the load end usually features stress concentration. Therefore, steel strands
tend to break at the load end of the anchor cup when reaching the ultimate tensile force or receiving

fatigue damage.

4. A new type Cable anchor

4.1 Optimization Design

13



Wire splitting plate

Auxiliary anchor cup

Main anchor cup
Epoxy iron sand

Steel Strands

Fig. 10. Schematic diagram of double-cone cable anchor

Based on the analyses presented above, a new double-cone cable anchor including a main anchor
cup and an auxiliary one is developed, as shown in Fig. 10. The inner inclination angle of the main
anchor cup is larger than that of the auxiliary anchor cup, which ensures larger frictional force from the
anchor cup onto the epoxy iron sand at the main anchor cup than at the auxiliary cup. As a result, the
stress concentration at the load end is significantly reduced, the material properties of the steel strands
are fully taken advantage of and the fatigue resistance of the cable anchor is thus improved. With the
steel strands being connected to the wire splitting plate, the steel wire is dispersed. This method
increases the friction coefficient between the epoxy iron sand and the steel strands, lowering the

likelihood of slipping under ultra-high stress amplitude.

4.2 Stress Analysis of Double-cone Cable Anchor

v i) l gix)(i=1,2)

7 q2(x)
,’ﬂ‘l’rﬂ—rm’ﬂ ~

1—1—4—4—4—1(30
——="F
/

] D i

Fig. 11. Stress distribution of the epoxy iron sand Fig. 12. Cross section

The internal stress distribution of the double-cone cable anchor is shown in Fig. 11and Fig. 12,

where g:(x) and g2(x) are the radial stress of the epoxy iron sand at the main anchor cup and that at the
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auxiliary anchor cup, respectively; z(x) is the stress at the interface between the epoxy iron sand and
steel strands.

The calculation diagram of double-cone cable anchor is shown in fig. 13.

_\ Main anchor cup f Auxiliary anchor cup
DF i 7\ DF
B &

Fl

—— = r(x) Expoxy iron sand e

—F—=

|

= —
Steel Strands

_J_é’m”— :

Free end Load end
Xo

Fig. 13. Calculation diagram of double-cone cable anchor
The following equations can be obtained according to Eq. (1):
u(x) =—-D¢ tan o; (X < X,) (31)
u(x) =—D¢ tan a,; (x> X,) (32)
where Dr is the axial displacement of any cross section of the epoxy iron sand (all cross sections are
assumed to be identical along the axial direction); a1 is the inner inclination angle of the main anchor
cup; a2 is the inner inclination angle of the auxiliary anchor cup; and Xo is the length of the main anchor
cup.
The following equations can be obtained according to Eq. (3):

tan o,
1-v—2v?

0, (x) = D¢ (33)

(h,—xtan ;)

tan a,
—2v?
E

a, (X) = 1— DF (34)

[r,—(x—x,)tan e, ]

where ry is the free end radius of the main anchor cup, and rz is the free end radius of the auxiliary

anchor cup.
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As shown in the equations above, when the inner inclination angle of the auxiliary anchor cup is
smaller than that of the main anchor cup, the compressive stress is relatively small at load end of the
auxiliary anchor cup. By setting up an appropriate angle, the stress concentration of steel strands in the
cable anchor can be reduced.

According to the elastic mechanics, the radial compressive stress of the steel strands is equal to the
radial compressive stress of the epoxy iron sand.

The resultant force (F1) between the compressive stress of epoxy iron sand and the friction force

from anchor cup in the x-axis(x < xo) is shown as

F = Iql(x) -27(r, — X tan e ) sin oy, dx + J'ql(x) -272(r, — xtan o, ) tan A3 cos o, dx (35)
0 0
F o2 g o, +tan B cosa, ) D, (36)

Lo1ov-2v?

The resultant force (F2) between the compressive stress of epoxy iron sand and the friction force

from anchor cup in the x-axis (x>Xo) is shown as

H H

F, = qu(x) 27[r, — (X—X,) tan &, ]sin a,dx + qu(x) 27l —(X—X,)tan o, Jtan gcose,dx  (37)

_272E(H —xy)tan o,
1-v—2v?

F, (sin e, + tan B cosa,) D, (38)

The external tensile force F of the cable anchor is the sum of F1 and F»; thus:

27E

= ﬁ[x0 tan ¢ (sin o, +tan gcosa,) +(H — X,) tan o, (sin , +tan fcose,)|D (39)
—v—-2v

According to Eq. (39), Dr can be obtained. Based on the results, the compressive stress of the
epoxy iron sand can be obtained as well. Alternatively, the friction angle £ can be obtained by
experimentally determining. If xo = 0, the above formula can be regarded as the calculation formula of a
single-cone cable anchor.

The typical S3-cable of the FAST project was taken as an example where E = 36000 MPa, 5 =5.7°,
01=4.1° a2 = 3° ri=r3=33 mm, xo = 106 mm, H = 225 mm, » = 0.3, the maximum design value of

the cable force = 312,480 N (40% of the cable force limit, to be safe)[28]. With these parameters, Dr
16



was calculated as 0.32 mm. By putting this Dr value into Eq. (33) and Eq. (34), the compressive stress
at the load end of the main anchor cup and that at the load end of the auxiliary anchor cup were
calculated to be 62.49 MPa and 43.37 MPa, respectively.

In the case of a single-cone cable anchor, D was calculated as 0.55 mm following the above
calculating procedure, and the compressive stress at the load end of the anchor cup was 108.03 MPa,
72.94% larger than that in the case of the double-cone structure. If the single-cone cable anchor is the
same in total anchorage length as the double-cone and a = 4.1°, then Dr = 0.26 mm, and the
compressive stress at the load end is 76.63 MPa, which is still larger than that in the case of the
double-cone structure; also, comparing to the double-cone, the single-cone design will lead to an
increase of the outer diameter of the anchor cup by nearly 20%, which is unfavorable. As can be seen in
the comparison, the double-cone effectively adjusts the stress within the anchor cup and keep the size of

the anchor cup at a smaller level.

4.3 Finite Element Analysis

The typical S3-cable of the FAST project was taken as an example. In order to compare the stress
distribution in the cable anchor before and after optimization, the finite element analysis was carried out.
Along the axis of anchorage, 3 symmetrical planes can be constructed, and the anchorage can be divided
into 3 identical parts. Therefore, the 1/3 model of the anchorage can meet the requirements of the finite
element analysis. The models of 3 kinds of anchors are established respectively, as shown in fig. 14. The
material of anchor cup and wire splitting plate is 40Cr, which is isotropic, elastic modulus is 210 GPa
and Poisson's ratio is 0.3; The elastic modulus of epoxy iron sand is 36 GPa and Poisson's ratio is 0.3;
Ignoring the effect of steel stranded wire twisting, it is simplified as a steel wire with a diameter of

15.4mm. Its elastic modulus is 195GPa, Poisson's ratio is 0.3, yield stress is 1635.3MPa and standard

17



strength is 1860MPa. The friction coefficient between epoxy iron sand and tendon is 0.3, and that

0025 0075 z

a. Double-cone anchor

b. Single-cone anchor

between epoxy iron sand and anchor cup is 0.1[28].
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c. Extended single-cone anchor
Fig. 14. Finite element analysis model

a. Double-cone anchor. This kind of anchor is the optimized one. The length of the main anchor
cup is 106mm, and the inclination angle is 4.1°; the length of the auxiliary anchor cup is 119mm and the
inclination angle is 3°. The total length of the anchor cup is 225mm, and the inner diameter of the
anchor cup at the free end is 33mm [28].

b. Single-cone anchor. It is equivalent to removing the auxiliary anchor cup of double-cone anchor.
The total length of the anchor cup is 106mm, the inclination angle is 4.1° and the inner diameter of the
anchor cup at the free end is 33mm.

c. Extended single-cone anchor. It is equivalent to removing the auxiliary anchor cup of
double-cone anchor and increasing the total length of the anchor cup from 106mm to 225mm, the
inclination angle is 4.1° and the inner diameter of the anchor cup at the free end is 41.5mm.

The mesh model is shown in Fig.15. Since the purpose of the finite element analysis is to observe
the stress concentration on the surface of the steel strands, there are more dense grids on the steel strands

than on other components.
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Fig. 15. Meshing
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The uniform stress of 744 MPa (0.40v, Where oy is the standard strength) in Y direction was applied
to the steel strands, and the displacement of anchor cup in Y direction was restrained. The Mises stress

distribution on the steel strands is shown in fig. 16.
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Fig. 16. The Mises stress distribution on the steel strands
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The results of finite element calculation are summarized in Table 1.

Table 1
The results of finite element calculation
Model Maximum Mises stress (MPa) Tensile stress (MPa) Ratio (%)
Double-cone anchor 812.3 744 109.2
Single-cone anchor 840.3 744 112.9
Extended single-cone anchor 791.6 744 106.4

Under the fatigue load, if the stress at certain position of the steel strands is too large, there will be
an accumulation of fatigue damage, reducing the full utilization of the tensile properties of steel strands.
In other words, the smaller the maximum Mises stress on the steel strands is, the more favorable it is for
the full utilization of the tensile properties of the steel strands. According to the previous research
[29-31] and the special requirements of the FAST engineering, when the maximum Mises stress is not
greater than 110% of the tensile stress, the stress concentration of the steel strand is acceptable,
otherwise, it is not acceptable. It can be seen from table 1 that the single-cone anchor does not meet the
requirements. The stress on the steel strands in the double-cone anchor and the extended single-cone
anchor gradually decreases along the opposite direction of Y axis, which meets the design requirements.
However, the double-cone anchor has more advantages because of its smaller diameter, less material
consumption and less gravity. The finite element analysis results also verify the correctness of the stress
calculation results in 4.2.

4.4 Fabrication and Performance Verification of New Cable Anchor

Basically, cable anchor of all types share the same values of a and f. Therefore, a1 is set at 4.1°
according to regular cable anchor designing, and a2 is set at 3°. The friction angle £ is conservatively set
at 5.7°[28]. r1 should be set as small as possible to reduce the size and weight of the cable anchor while

being big enough to accommodate the steel strands.
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The cable series (S3, S5, etc., depending on the number of steel strands) should be designed with
the same anchorage efficiency index ma if they share the same double-cone cable anchor. According to

Eqg. (30), the following equation is obtained:

=7 (40)
Hr, tang + f3) K,

where r is the free end radius of the main anchor cup when w=1 or auxiliary anchor cup when w=3.

The same type cable anchors share approximately the same stress concentration coefficient;

therefore,
2,
C=nla (41)
K
s 42)
Cr, tan(a + S)

Based on an integrated approach combining calculating and testing, the parameters of a certain
design can be determined first, which can later be used to determine the constant C. Finally, the constant
C will be introduced into Eg. (42) to calculate the anchorage length (H) of other types of cable.

The anchorage length (Hss;) of the S3J-cable is determined as 225 mm; The main anchor cup
length (H1,s3;) = 106mm; The auxiliary anchor cup length (H2ss3;) = 119mm; The cross-sectional area
(Ssa1) = 478.9mm?; The radius of free end (risa;=rsss) = 33mm. When the above parameters are
brought into Eq. (42), the constant C = 0.793 can be obtained.

The typical S4J-cable of the FAST project was taken as an example, where C = 0.793; a1=4.1°; a2
=3°; f=5.7°; r1s4=r3s0=40mm; Ss4;=618.9mm?. When the above parameters are brought into Eq. (42),
the main anchor cup length (H,s45) = 113mm; The auxiliary anchor cup length (Hz,s45) = 127mm can be
obtained. So the anchorage length (Hs4;)=240mm.

According to Eq. (42), the anchorage length of other types of cable is shown in Table 2.
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Table 2

Anchorage lengths of various cable models

Model Nug:seelr of Numbe_r of | Cross-sectional Azrea Radiui of free | Main anchor cup ﬁtﬁillf;gtznﬁgor Anchorage

strand(s) steel wires | of cable S (mm?) |end ry =r;(mm) | length H; (mm) (mm) length (mm)
S1J 1 3 198.9 25 58 65 123
S2J 2 3 338.9 32 77 87 164
S3J 3 3 478.9 33 106 119 225
S4) 4 3 618.9 40 113 127 240
S5J 5 3 758.9 42 132 148 280
S6J 6 3 898.9 45 146 164 310
S7J 7 3 1038.9 50 151 171 322
S8J 8 3 1178.9 55 156 176 332
S9J 9 3 1318.9 57 169 190 359

Note: Sz-cable and SzJ-cable use the same anchor, z is the number of steel strands.

The National Astronomical Observatory of China has proposed the requirements for cable fatigue

test: 1) For cables with stress amplitude greater than 450 MPa in service, the stress amplitude is taken as

500 MPa during fatigue test; 2) For cables with stress amplitude greater than 400MPa and less than

450MPa in service, the stress amplitude in fatigue test is 50MPa larger than that in service; 3) For cables

with stress amplitude less than or equal to 400MPa in service, the stress amplitude in fatigue test is 450

MPa. The upper limit stress of the fatigue test is 0.40n (Where oy is the standard strength). Once a single

steel wire is broken or the cable anchor is damaged, the test is considered as failure.

According to the above scheme, we made 9 cables for prototype fatigue test. The test scheme are

shown in Table 3.

Table 3
Fatigue test results of cables
Group Number Cable type Load (kN) Stress amplitude (MPa) Test cycles (x10,000)
1 S3 102.5~312.5 500 200
2 S3 102.5~312.5 500 200
3 S3 102.5~312.5 500 200
4 S6 204~624 500 100
5 S6 204~624 500 100
6 S6J 218.4~667.8 500 100
7 S4] 151.0~460.4 500 200
8 S5J 192.7~564.6 490 200
9 S6J 264.3~668.8 450 200
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The cable body of S3-cable is composed of 3 steel strands with diameter of 15.4mm.
Correspondingly, the cable body of S6-cable is composed of 6 steel strands, while the cable body of
S6J-cable includes 3 steel wires besides 6 steel strands. In other words, "J" means that the cable body of
this cable contains not only steel strands but also 3 steel wires. The cross sections of S6-cable and

S6J-cable are shown in fig. 17.

PE

Steel strands g @@
Fillings @
Steel wires @
S6 S6J

Fig. 17. Section of cable body

The effective sectional area of S6 type cable body is 840mm?. The standard ultimate tensile force
of the steel strands is 260kN, so the cable force limit of S6-cable is 1560kN. The upper limit load of
fatigue test is 40% of the cable force limit = 624kN. When the stress amplitude is 500MPa, the
corresponding lower limit load is 204kN.

The fatigue performance test is based on the "Technical Conditions of Cable-stayed Bridge
Hot-extruded Polyethylene High-strength Steel Wire Cables"[32] and "Anchors, Clips and Connectors
for Prestressed Tendons"[33]. The main test equipment is MTS universal test actuator. Before the
fatigue test, the cable is pre-tensioned with 10% of the cable force limit, and then tensioned to 60% of
the cable force limit to eliminate the Phase | slippage between the steel strands and the epoxy iron sand.
The pressure is maintained for about 30 minutes. After holding pressure, unload to the lower limit load
of the fatigue test and then the fatigue test is officially started. The stress amplitude is 500 MPa, and the

frequency is 4 HZ. The test site of S6-cable is shown in Fig. 18.
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Fig. 18. Test site of S6-cable

After testing, the steel wire in the cable did not break, and the outer protective layer of the steel
wire did not suffer fatigue damage, and the anchor head did not suffer fatigue damage. The results show
that when the stress is 450-500MPa, all products meet the relevant requirements of fatigue performance.
Moreover, in the fatigue test, the elastic modulus of the S3-cable were measured. As shown in Table 4,
it was found that the elastic modulus of the cable was relatively stable throughout the test process, and

the slight increase was due to the relaxation of the steel wire.
Table 4

Elastic modulus of S3-cable during fatigue test

Test cycles Elastic modulus (MPa)
(x10,000) No.1 No.2 No.3
0 196.71 195.80 196.16
100 197.67 197.49 196.52
200 199.78 198.82 197.45

5. Conclusions

In this study, stress analyses are conducted on the cable anchor for FAST project, which combines

the epoxy iron sand and steel strands following the theory of Elasticity. The following conclusions are

reached:
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1. The radial compressive stress distribution increases as the diameter of the inner conical hole

decreases, which means the load end is where the stress concentration of the steel strands forms.

2. There is a clear mathematical connection involving the six parameters (anchorage efficiency
index, stress concentration coefficients, cross-sectional area of steel strands, sum of and ,R:

and H).

3. The relationship between the anchorage efficiency coefficient and its influencing factors is also

established.

4. The proposed innovative double-cone cable anchor consisting of a main anchor cup and an

auxiliary anchor cup can effective in reducing the stress concentration at the load end.

5. A method for adjusting the initial stress of the cable anchor is proposed which effectively

reduces the stress concentration of the steel strands inside the chilled cast anchor.

Increasing the number of cones can effectively reduce the stress concentration of the steel strands
inside the chilled cast anchor. In order to improve the fatigue resistance of cable anchor, the number of

cones can be increased to 3 or more.
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Appendix

The calculation diagram of thick-walled cylinder is shown in fig. 19.
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Fig. 19. Calculation diagram of thick-walled cylinder

According to the Lame’s Equation, For point M, the stress solution of thick-walled cylinder is as

follows.

o = aZbZ(qb _qa) i+ ana _bqu

P bZ _ a2 p2 b2 _ a2
a’h*(g,—9,) 1  a’g,—b’g,
0 =7 b2 _ 32 ?"" b2 — g2

The displacement solutions of thick-walled cylinders are shown as follows.

1 aZbZ(q _qa) ana _bzq
L o

For solid cylinders, in other words a = 0, ga = 0, the stress solution is as follows.

O-p = _qb;o-(p = _qb
The displacement solution is as follows.
_1-v
u,= T E Yy
For plane strain problems, the displacement is as follows.

1-v—2v?
u,= _Tqbp
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