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An innovative anchorage technology named load distributive compression anchor (LDCA) has recently been
employed in a multitude of geotechnical engineering. The anchoring structure comprises multiple anchor bodies,
thereby overcoming the bearing defects associated with conventional load-concentrated anchors and providing
superior bearing performance. The complex structural configuration of LDCA considerably complicates the
process of load-transfer theoretical modeling. A lack of relevant studies from theoretical solution perspective is
yet evident in previous works. In this paper, a theoretical model was proposed for the load-transfer analyses of
LDCA, of which the soil-anchor interface mechanical behavior was specially characterized by a disturbed state
concept (DSC)-based nonlinear model. The mechanical simulation for the connections in different anchor bodies
was incorporated into the theoretical analysis framework through the utilization of finite difference method.
Three groups of 3D finite element (FE) models were established to simulate the load-transfer behaviors of LDCAs
with different numbers of anchor bodies. The theoretical calculations agree well with the FE numerical results
and the in-situ pullout test data, thereby confirming the applicability of the load-transfer theoretical model. The
axial force and interface shear stress distributions, as well as the bearing capacity for LDCAs, were discussed
based on theoretical calculations and FE simulations. Sensitivity analysis of several key design parameters was
conducted to investigate their effects on the bearing capacity of LDCAs. The findings achieved in this study can
provide insights into the understanding of the load-transfer behaviors of LDCA, and contribute to the bearing
performance evaluation.

1. Introduction

The anchorage technology has widespread applications in a variety
of geotechnical engineering, such as deep excavations, slopes, tunnels,
and retaining walls, which benefits from its merits of convenient con-
struction, low cost, good bearing performance, etc [1,2]. Ground an-
chors are generally provided with a relatively long anchorage segment.
The pullout load subjected to the anchor is transferred to the sur-
rounding stable geomaterial mass through interface shear resistance. An
inevitable consequence of the interaction between the anchors and the
surrounding soil or rock is the emergence of load-transfer problem for
the structure. This has become the prevailing view among industry
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experts [3,4]. The load-transfer behavior of the anchors exerts a con-
trolling influence on the bearing performance of anchorage structure.
Therefore, a thorough comprehension of the load-transfer behavior of
the anchors is of great importance to the design practice and perfor-
mance assessment of anchorage system.

The earliest anchorage technology employed in geotechnical engi-
neering was load-concentrated anchor. This technology is comprised of
two distinct types: tension-concentrated anchor and pressure-
concentrated anchor [5]. The results of numerous tests [6-8] and
theoretical analyses [9-13] attest to the fact that the anchorage length
capable of exerting interface shear resistance is restricted for the
load-concentrated anchors [14]. In other words, there exists an effective
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anchorage length for this type of anchor. The underlying cause of this
issue can be attributed to the concentrated distribution of axial stress at
the anchor head, coupled with an uneven distribution of interface shear
stress along the bond length. The longer the anchorage segment, the
more significant the uneven stress distribution. There will be a negli-
gible increase in bearing capacity for load-concentrated anchors if the
anchorage segment exceeds the effective anchorage length. Therefore,
an excessive anchorage length for load-concentrated anchor is unad-
visable and should be avoided in engineering practice, which is actually
stipulated in relevant design criteria [15,16]. The effective anchorage
length for load-concentrated anchor is dependent on the physical and
mechanical properties of the surrounding soil or rock. Specifically, the
effective anchorage length is shorter in instances where the geomaterial
mass equips with a greater strength [9]. Such an outcome is attributable
to the greater interface shear resistance. A shorter anchorage length will
result in a greater average interface shear stress, which is conducive to
the sufficient mobilization of interface shear resistance. However, if the
anchorage length is designed to be insufficient, the bearing capacity of
the anchors may be unable to fulfill the engineering requirements.
Load distributive compression anchor (LDCA) was invented in recent
years. The objective of developing LDCA is to overcome the bearing
defects associated with load-concentrated anchors, thereby offering
enhanced bearing performance [17-19]. The anchorage segment for
LDCA comprises multiple anchor bodies, the structural configuration of
which is illustrated in Fig. 1. The entire anchorage length is the sum of
the length of each anchor body. The pullout load exerted on the anchor
head can be converted into several compressive forces through the
appropriate mechanical connections. The dispersion of pullout load
effectively eliminates stress concentration and facilitates a more uniform
distribution of interface shear stress. The anchor bodies are predomi-
nantly compressed for LDCA, which exhibits similarities to
compression-type anchors [20]. Accordingly, the surrounding geo-
material mass is subjected to compression as a result of the radial
expansion of anchor bodies, which is actually a form of the Poisson ef-
fect. This phenomenon further leads to the increments of interface
normal stress and interface shear strength [21]. To summarize, the
bearing performance of LDCA is superior to that of load-concentrated
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anchor, but its more complex structural configuration considerably
complicates the load-transfer mechanism.

In recent years, a series of in-situ pullout tests were conducted by
various scholars with the aim of investigating the influence of the in-
terval and number of anchor bodies on the bearing performance and
load-transfer behaviors of LDCA [18,22-24]. Furthermore, the stress
distributions of LDCA were also analyzed by the implementation of
finite element numerical simulation [25-27] and analytical modeling
[25-27]. Hereinto, there are some typical relevant achievements in
analytical analysis. Rui et al. [28] summarized the distribution forms of
interface shear stress over anchorage segment and proposed a corre-
sponding analysis method. He et al. [29] exploited an analytical model
for the load-transfer behavior of compression-type anchors, wherein the
interaction between soil and anchor was characterized by an elastic
model. Zhu et al. [30] established a theoretical model that can predict
the stress distribution and the bearing capacity of recoverable anchors
embedded in layer soils. In fact, the aforementioned compression-type
anchors and recoverable anchors can both be classified within the
category of load-concentrated anchors. It can be seen from the above
analysis that the theoretical research was mainly aimed at
load-concentrated anchors, yet few studies for LDCA. As evidenced by
the preceding analysis, the majority of theoretical researches in this field
were focused on load-concentrated anchors, yet a notable dearth of
studies is dedicated to LDCA. Two issues should be addressed prior to the
implementation of load-transfer theoretical modeling for LDCA, which
includes the characterization of the intricate soil-anchor interface be-
haviors as well as the mechanical simulation for the connections in
different anchor bodies. Among that, a nonlinear interface mechanical
model capable of reflecting the effect of normal stress is a fundamental
necessity for the former. These two issues considerably complicate the
process of load-transfer theoretical modeling for LDCA, and the subject
is still less studied in reported works.

In this paper, a theoretical model was proposed for the load-transfer
analyses of LDCA. A disturbed state concept (DSC)-based nonlinear
model was employed to characterize the soil-anchor interface mechan-
ical behavior, with consideration given to the interface normal stress.
The mechanical simulation for the connections in different anchor
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Fig. 1. Structural and mechanical characteristics of LDCA: (a) structure and component; (b) load-transfer mechanism.
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bodies was specially incorporated into the analysis framework through
the utilization of finite difference method. The load-transfer behaviors
for three groups of LDCAs with different numbers of anchor bodies were
investigated via three-dimensional finite element (FE) simulation. The
FE numerical results and two groups of in-situ pullout test data for
LDCAs were used to examine the availability of the load-transfer theo-
retical model. The axial force and interface shear stress distributions, as
well as the bearing capacity for LDCAs, were discussed based on theo-
retical calculations and FE simulations. Parametric studies were finally
conducted to evaluate the effects of some key design parameters on the
bearing capacity of LDCA.

2. Bearing mechanism of LDCA

There are multiple bearing bodies in anchorage segment for LDCA.
All bearing bodies are jointed with anchor head by dispersive unbonded
steel strands. The pullout load applied on the anchor head can thus be
converted into several compressive forces through this mechanical
connection, which are distributed to different positions in the anchorage
segment. Fig. 1 illustrates the structural and mechanical characteristics
of LDCA with three anchor bodies. The special case is utilized as an
example to explain the bearing mechanism of LDCA. The total pullout
load P is dispersed by unbonded steel strands into three loads P;, Py, and
P; that are applied on the 1%, 2™, and 3™ bearing bodies, respectively.
Noteworthy that the total pullout load is equal to the sum of all indi-
vidual loads. The three individual loads will further be transferred and
converted into three compressive stresses o1, 02, and o3 applied on the
cement grout bodies in contact with the bearing plates. As a result, the
grouted bodies will work in three-dimensional compressive stress state.
The soil or rock surrounding the anchor can be inferred to be com-
pressed as well due to the radial expansion of grout body. That is
actually the Poisson effect and will lead to the increment of normal stress
over the soil-grout interface [30]. Ulteriorly, it improves the soil-grout
interface shear strength, thereby enhancing the bearing performance
of LDCA. In addition, the pullout load separation for LDCA can almost
eliminate stress concentration. The soil-grout interface shear stress tends
to a more uniform distribution along the anchorage segment. Hence,
compared with the load-concentrated anchor, LDCA is equipped with a
greater pullout capacity.

Several scattered compressive forces are exerted on the contact
surface between grout and bearing plate for LDCA, including cross
Sections 1-1, 2-2, and 3-3 in Fig. 1. As a consequence, the axial stress of
anchor changes abruptly at these cross sections, and exhibits the
piecewise form for the stress distribution along the anchorage segment.
The impacts from different compressive forces will be superimposed on
the stress distribution of each anchor body [25], which is similar to the
group pile or anchor effect. For example, compressive stress o7 not only
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Fig. 2. Schematic drawing of stress overlap phenomenon for different anchor
bodies: (a) narrow bearing body interval; (b) wide bearing body interval.
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affects 1" anchor body but also the adjacent 2™ anchor body, as shown
in Fig. 2. If the interval between adjacent bearing bodies is narrow, that
is, the anchor body is short in length, the compressive force subjected to
each anchor body cannot be fully dissipated, so that the residual force is
transferred to the next anchor body. It is reflected by a larger axial stress
of anchor body than the applied compressive stress (Fig. 2a). In the event
that the interval is wide, tensile stress will exist in the anchor body as a
consequence of the traction derived from the movement of the bearing
body. Concomitant with this is small axial stress, which is less than the
applied compressive stress at the head of the anchor body (Fig. 2b). It
can be obviously deduced that the dispersion of pullout load for LDCA
exacerbates the complexity of the load-transfer problem and heightens
the difficulty in theoretical analysis.

3. A theoretical model for the load-transfer analyses of LDCA
3.1. Basic assumptions

The anchor bodies of LDCA are capable of functioning in compressive
stress state, which results in the compression of the surrounding soil and
rock. The soil-anchor interface normal stress is inevitably increased
during this process. This is markedly distinct from the conventional
tension-type anchors. Hence, an interface constitutive model equipped
with the capacity to characterize the nonlinear behaviors exhibited by
the soil-anchor interface, as well as to reflect the effect of normal stress,
is imperatively fundamental to the load-transfer theoretical modeling of
LDCA. Meanwhile, as mentioned above, the decentralization of pullout
load for LDCA complicates its load-transfer behaviors, thereby height-
ening the challenge of theoretical analysis. The following assumptions
are suggested specially to facilitate theoretical modeling.

(a) The anchor bodies and the surrounding soil are all in elastic state,
and their stress-strain responses obey Hooke’s law.

(b) The unbonded steel strands are very small in diameter compared
to the anchor body. Hence, the holes in cement grout where the
steel strands are located are ignored. That is, the anchor body is
assumed to be a uniform cylinder.

(c) All anchor bodies do not disengage to remain as a whole during
pullout loading. The pullout displacement or the soil-anchor
interface shear displacement is equal and continuous at the
both ends of bearing body.

(d) Neglecting the difference in diameter between the bearing plate
and the anchor hole. The dispersed compressive forces trans-
ferred from the bearing plates are exerted uniformly over the
entire cross-sections of each head of anchor bodies.

(e) The compressive forces applied on different anchor bodies in-
crease in a constant proportion. It can be expressed as:

[P1, Py, -+, Poy, Pa]" = Pyl 2, -+, an1,1]" b}

where, q; (i=1,..., n-1) represents the proportional coefficient of
compressive force exerted on the i™ and n™ anchor bodies. The value of
aj can be defined according to loading requirements.

Based on the above five assumptions, the load-transfer behavior of
LDCA was modelled theoretically as follows.

3.2. Load-transfer theoretical modeling

As illustrated in Fig. 1, the LDCA is L, in in total anchorage length, L¢
in free length. There are n anchor bodies, of which the i anchor body is
L, in length. Local coordinate systems x; (0< xj <L,;) were established
with the bottom surface of each bearing plate as the coordinate origin. A
random micro-segment from the i anchor body was selected for
analyzing the stress-deformation responses of LDCA (see Fig. 3). All
basic equations used in the load-transfer theoretical modeling were
determined below.
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Fig. 3. Stress distribution in a micro-segment from the i™ anchor body with
length of dx;.

Deformation equation: according to assumptions (a) and (b), the
relation between axial strain and triaxial stress of the anchor body can
be expressed as:

&i(X;) = El: {Gai (%) — g [gyi (1) + 02 (Xi)} } (2)

where, €,i(x;) represents the axial strain of anchor body; 6,i(x;) repre-
sents the axial stress; oyi(x;) and oi(x;) represent the normal stresses
along y and z directions, respectively; E; and v represent Young’s
modulus and Poisson’s ratio of the anchor body, respectively.

Because oyi(x))=0,i(x;) =0:i(x;) for ground anchors, Eq. (2) can be
transformed into the following form:

€ai(xi) = 1;% [0 (x1) — 20405 (xi) ®

where, o6i(x;) is the soil-anchor interface normal stress.
Meanwhile, in reference to Hooke’s law, the radial expansion strain
of anchor body &;i(x;) can be determined as:

Eri (Xi) = El'g [l/ggai (xi) + (l/g — 1)6ri (Xi)] (4)

According to cavity expansion theory and assumption (a), the radial

compressive strain of the surrounding soil &(xj, r;) can be deduced as:
2

&6(xi, 1) = % %O_ri (xi) (5)

where, v5 and Es are Poisson’s ratio and Young’s modulus of the sur-

rounding soil, respectively; ry is the radius of anchor body; r; represents

the displacement from the center of the anchor hole.

The radial expansion deformation of anchor bodies should be in
harmony with their surrounding soil at the contacted interface (rj=rg)
when the scattered compressive forces come into play. Hence, Eq. (6)
can be deduced by combining Egs. (4) and (5).

0i(X;) = k-0ai (i) (6)

vgEs
Eg(1+u5)+Es (1-14)”

Eq. (6) describes the relationship between the axial stress of anchor
body and the soil-anchor interface normal stress. Noteworthy that this
equation is applicable only when the anchor body is under compressive
state. The interface normal stress should be zero if the anchor body is in
tension state. The relationship between o;(x;) and 0,i(x;) can thus be
updated as:

where, k =

07 2 (Xi) <0
(i) = f(oai) = {k'lgi((;i)), Gai(xi) > 0 @

Geometric equation: the axial deformation of the anchor body micro-
segment is equal to the difference of interface shear displacement or
pullout displacement at its both ends. Hence, geometric equation can be
expressed in the form of Eq. (8).
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&i(xi) = *% (€))

where, si(x;) represents the soil-anchor interface shear displacement.
Force equilibrium equation can be derived according to Fig. 3, as

shown below.

dGai (Xi) up

de +XgTi(Xi) =0 (9)

Where, Ag and uj, represent the cross-sectional area and the perimeter of

anchor body; 7(x;) represents the soil-anchor interface shear stress.
The load-transfer governing equation of LDCA can be derived by

incorporating Egs. (3), (7), (8), and (9), as described in Eq. (10).

dsi(x)  mpTi(s) [ df(ow) B
dx;2 + E,A, {2% dog 71} =0

(10

The governing equation should satisfy the following two boundary
conditions.

(a) At the head (x;=L,1) and the toe (x,=0) of the total anchorage
segment (see Fig. 1):

X1 = La : Oall, — 0
1)

— . — — n
xn*O-Gan.O*Gn*A*
8

where, 0,111 and oan o are the axial stresses of anchor body at the head
and toe, respectively; P, is the compressive force subjected to the nth
anchor body.

(b) At the positions of the interior bearing plate (i=1,..., n-1): as
illustrated in Fig. 4, the anchor bodies before and after the bearing plate
should meet the stress conditions represented in Eq. (12).

P Py

Oai0 —O.(; =0; = — =
ai,0 a(i+1) Loy i A, A,

12)

where, 6,0 is the axial stress of the it" anchor body at initial position
(xi=0); Ga(i+1) Ly, 18 the axial stress of the i+1% anchor body at terminal

i anchor
body

Ox(i1), Ly,

() T ,
+1, La“,” A

i anchor
body

i+1%™ ancho
body

- ’
Tit1, LA(,,.)T A
Or(it1), Ly,

Fig. 4. Stress state of the anchor body at bearing plate: (a) actual stress state;
(b) simplified stress state for theoretical modeling.
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position (xj11=La+1)); @i is the proportional coefficient of compressive
force exerted on the i and n'! anchor bodies.

There are three variables in Eq. (10), which include soil-anchor
interface shear stress 7j(x;), interface shear displacement s;(x;) and
axial stress o,i(x;). Hereinto, o,i(x;) is related to the interface normal
stress oyi(xj), as derived in Eq. (7). The key to solving the load-transfer
governing equation is to find a suitable model to characterize the rela-
tionship between these three variables. Therefore, an interface
nonlinear model considering the effect of interface normal stress is
inevitable.

3.3. DSC-based interface nonlinear model

As aforementioned, an interface shear model that can consider the
effect of normal stress is fundamental to the load-transfer analysis of
LDCA. The disturbed state concept (DSC) theory provides an applicable
and appropriate modeling method for characterizing the complex
interface shear behaviors [31,32]. An interface nonlinear model was
specially developed based on DSC theory, the structure of which was
illustrated in Fig. 5. The basic form of this model is as follows:

7= (1-D)z,+Drz, 13)

where, 7 represents the actual interface shear stress; 7, represents the
shear stress sustained by relative intact (RI) state interface elements; 7.
represents the shear stress sustained by fully adjusted (FA) state inter-
face elements; D is the disturbance function.

As shown in Fig. 5, when the interface shear stress 7 is small, it exerts
a comparatively minimal influence on the anchor-soil interface, thereby
reducing the disturbance. Consequently, the disturbance function D
tends towards a relatively small value. The interface shear strength is
predominantly attributable to the RI state interface elements. This is
reflected in the regularity that the observed z-s curve is in close
approximation with that of RI state. Meanwhile, as the increase of
interface shear stress 7, the pullout load exerts a greater influence,
resulting in a corresponding increase of the interface elements in FA
state as well as the disturbance factor D. Once the interface shear stress ¢
exceeds interface shear strength, the observed z-s curve will show the
softened form and gradually approach the FA state.

It is extremely crucial to select or develop suitable models to char-
acterize the RI and FA state responses. In this interface model, hyper-
bolic model and Mohr-Coulomb failure criteria were adopted to simulate
the mechanical responses of soil-anchor interface in RI and FA states,
respectively. Disturbance function D could be established by describing
the strength of all interface elements using Weibull distribution. The
DSC-based interface nonlinear model can be derived, as shown in Eq.
(14). More details can be found in the studies from Zhu et al. [30].

<2 = %; 3 [ The part in RI state
>
A - > Q §3° Yo e ol The part in FA state

bl‘?b
0
o | =

»| Transition state

Transition state Fal}gre state

Interface shear stress 7

FA response

o] >

Displacement §

Fig. 5. Schematic of the DSC-based interface nonlinear model and the evolu-
tion of interface elements.
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T = €X] {_(f)”}_s (o, tan ¢ +C')+{1—ex {—(Ey}}
= exp ‘ So 1S Oy Pi i p E (14)

-(o, tan @, +¢¢)

where, & and 5 represent probability parameters in disturbance function;
o, represents interface normal stress; ¢; and ¢, represent interface fric-
tion angle in RI and FA states, respectively; c; and c. represent interface
adhesion in the RI and FA states, respectively.

The RI and FA states are both perfectly ideal. The actual interface
mechanical state is situated somewhere between the two extremes
mentioned above. Therefore, the value of the real interface adhesion is
situated between the values of ¢; and c., and the real interface friction
angle exhibits a same pattern.

In the case of interface normal stress 6,=0, this model can further be
rewritten as:

s\ s s\
T:exp[f (E) }-mc,-+{lfexp{f (E) }}cC (15)

The anchors will be inevitably subjected to some extreme loading
conditions during their period of service, such as cyclic loads. From the
perspective of loading duration, the cyclic loads and other extreme loads
can be deemed as disturbances on the soil-anchor interface. Therefore,
the effect of extreme loading conditions on the interface behavior may
be described through the modification of the disturbance function.

The applicability and validity of the DSC-based interface model had
been verified in previous works through comparing the measurements
obtained from direct shear test and element pullout test with the pre-
dictions [30]. Hence, this model would be employed in the load-transfer
analysis of LDCA.

3.4. Numerical solutions for the load-transfer governing equation

The governing equation can be expressed as the following form by
substituting Eq. (14) into Eq. (10).

d’si(x;) + dlow) Kl —D) si(x;)tan g,

dx;2 Sor + 8i(%:)
+ D tan Pe 6;{()(1) +4)((7m') |:<1 —D)%%—DCC}
=0 (16)

1
df(6ai .
where, ¢(0q) = & {21/g {1((2‘_)7 1}, D=1- exp{ - <§) }
oy was denoted by s; to reduce the number of variables in Eq. (16).

Combining Egs. (4), (7), and (8), the relationship between o, and s; can
be established as:

07 aai(xi) <0
k_Eg .dSi(Xi) (17)

—° i(x) >
vy —1 o " u) 20

O'ri(Xi) =

The load-transfer governing equation in its final form can be derived
by substituting Eqs. (7) and (17) into Eq. (16), as shown in Eq. (18).

dsi(q)  Hpck si(x;)tang; dsi(xi;)  Hyp
a2 + A {(1 - D) ot 5(%) +Dtan<pc} x + B, (2&kv,
Si(Xi)Ci
1) [(1 -p) S isf(xi) +Dcc}
=0
18)

where, ¢ is a factor that distinguishes whether the anchor body is
0, 6ai(xi) < 0 orsi(xi) < si(Xi+1)
1, 6ai(xi) > 0 or si(xi) > si(xit1)
The load-transfer governing equation is a second-order nonlinear

tensioned or compressed, £ = {
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Fig. 6. Flow chart for deriving the numerical solutions.

differential equation, and its closed-form solution is extremely hard to
obtain. Therefore, this study utilized the finite difference method to
deduce the numerical solutions of Eq. (18). The program for solving this
problem was illustrated in Fig. 6, and the details were described below.

Step 1: The i™ anchor body is uniformly divided into m; units along
the axial direction. The length of each unit AL; is equal to L,;/m;. The
mj+1 nodes are numbered from the head of i" bearing plate to the end of

i1m bearing plate, and named x; o, Xi 1, Xi,2, ..., Xi,mi in order, as shown in
Fig. 7.

Step 2: The pullout load is applied by displacement-controlled
method aiming at capturing the accurate load-displacement curve, in
particular for the stage after reaching the ultimate pullout load. The nth
anchor body that is located at the end of the LDCA is selected and
analyzed at first. The head of n™ anchor body (node xp ) is prescribed

3" anchor body: L, " "2nd anchor body: L, l

I8t anchor body: L,,

Fig. 7. The node division of anchor bodies.
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with a pullout displacement sy..

Step 3: The axial stress for each anchor body can merely be calcu-
lated by iteration method. Preset a value of the compressive force P{V
acting on the nth bearing body. Hereinto, the superscript denotes the
number of iterative calculations. For the n'™ anchor body at node x; o,
the interface shear displacement s, o=s;, and the axial stress 5,0 can be
calculated by Eq. (11). Then Egs. (7), (14), and (3) are utilized succes-
sively to calculate the interface normal stress oy, 0, interface shear stress
Tn,0, and axial strain ey .

Step 4: For node Xy, 1, its interface shear stress s, ; can be calculated
by the differential form of Eq. (8), which is expressed as Eq. (19).

Sn,1 = Sn0 — €no 'ALn (19)

The axial stress at this node o,,,1 can be obtained based on the dif-
ference form of Eq. (10), as shown below.

AL,
B2 o (20)
g

Oan,1 = Oan0 —

The interface normal stress oy, 1, interface shear stress 7, 1, and axial
strain e, 1 can be determined by Eqs. (7), (14), and (3) in sequence.

Step 5: The difference form of load-transfer governing equation (Eq.
16) is expressed as:

Sn2 — 2snl +5n0 ”pgk |: Sn, lta P; :| Sn1 — Sno
_ 1 - D)———— + Dtan —_
AL Aq =D P | AL,
Sn, lcl
- 1 Dc
E A { sc, + Sn1 So tsmr }
=0 21

The interface shear displacement at node xp 2 can be obtained by
rewriting Eq. (21).

Hpék Spitang;
Spa = 28[,,1 —Sh0 — 27 |:(1 — D) %‘S(pl + Dtal'l(pC:| (Sn_l - Sn,O)ALn
g cr n,1
Sn,1€Ci
-2 (2tkvy — 1) |(1 — D) ————+Dc, |AL,?
EgAg( f Vg ) |:( )scr + Sn1 + Dc. n

(22)

The axial stress can 2, interface normal stress o2, interface shear
stress 72, and axial strain e, at node x, 2 can further be calculated.
Analogously, sy 2, Ganj, Om,j, Tn,j, and &yj for the n™ anchor body at node
Xn,j (j=3,...,my) are also determined by repeating this step.

Step 6: According to assumption (c), the interface shear displacement
at node xp.1 o for the n-1™ anchor body is equal to that of node x, my for
the n™ anchor body. That is, $y-1,0=Sn,mn. An abrupt change of axial stress
for the anchor body occurred at the n-1% bearing plate owing to the
application of compressive force Py.;. The axial stress at node x;.1,0 can
be determined by using Eq. (12), which is equal to:

Pn—l P
— Oanm,
Ag

Oan-1),0 = (23)

The change of axial stress results in the change of interface normal
stress, interface shear stress, and axial strain at the n-1% bearing plate.
The values of 6y(1.1),0, 7n-1,0 and en.1,0 at node xy.1,0 can be calculated by
Egs. (7), (14), and (3), respectively. With regard to steps 4 and 5, the
interface shear displacements, axial stresses, interface normal stresses,
and interface shear stresses at the other nodes xy.1; (j=1,...,my.1) of the
n-1% anchor body are obtained successively.

Step 7: Referring to steps 3-6, the interface shear displacements,
axial stresses, interface normal stresses, and interface shear stresses for
the other anchor bodies can further be calculated.

Step 8: As described in Eq. (11), the axial stress for node x; m; of 15t
anchor body is equal to zero. It serves as a control condition for iterative
computation. The iterative calculation error is prescribed to be §. The
iterative calculation will continue until the calculation accuracy of axial
stress 6,1,m1 reaches the preestablished error. This process is actually

Construction and Building Materials 449 (2024) 138250

finding a unique value for compressive force P, that can correspond to
the prescribed pullout displacement s, at the end of anchorage segment.
To achieve this, Eq. (24) is especially established.

Pn,max = Pn(l)a Pn,min =0 if Oal,m; >0 (24)
Pn,max = 2Pn<1) Pn,min = Pn if Oalm; <=0
According to the dichotomy, P, is reset as:
Pn max Pn min
p,@ — “nmax+Fn. (25)

2

Steps 3 through 8 are repeated until the desired calculation accuracy
is achieved in subsequent iterations.

Step 9: A new value of pullout displacement s, is selected, and then
steps 2 through 8 are repeated to calculate the distributions of interface
shear displacement, axial stress, and interface shear stress of LDCA
under various pullout displacements or pullout loads.

Step 10: The pullout displacement S; of unbonded steel strand con-
nected with the i bearing body is the sum of the interface shear
displacement s; o at node x; o and the tensile deformation A;. The rela-
tionship can be described by Eq. (26).

Si =si0+4; = sio + <Lf + ZLa_]> (26)

where, E}, and Aj, represent Young’s modulus and cross-sectional area of
the unbonded steel strand, respectively; L¢ represents the free length of
LDCA; L,; represents the length of j™ anchor body.

A theoretical model for analyzing the load-transfer behaviors of
LDCA was developed by executing the above procedures. This model can
be employed to calculate the stress distribution over anchorage segment
and the load-displacement curve for each anchor body or unbonded steel
strand. The ultimate bearing capacity of LDCA is equal to the maximum
value of the sum of the compressive forces subjected to all bearing
plates. Noteworthy that all anchor bodies were assumed to be a whole
and did not disengage in this theoretical framework. Hence, the model
will be not available if the tensile stress exceeds the tensile strength of
anchor body.

The employment of finite difference method in this theoretical
framework offers the potential for analyzing the load-transfer behaviors
of LDCA under various geotechnical conditions, such as layer soils. The
following two points should be considered if the developed theoretical
model is adopted in some complicated geological conditions: (a) The
parameters of the DSC-based model used to characterize the interface
nonlinear behaviors between the anchor and each type of soil should
first be obtained as well as the surrounding soil’s mechanical parame-
ters, including Young’s modulus and Poisson’s ratio; (b) The segmented
analysis for the anchors is conducted based on the soil distribution and
the anchor body layout. Noteworthy that the interface model parameters
and the mechanical parameters corresponding to each type of soil need
to be substituted into the proposed theoretical framework in this
process.

Although the developed load-transfer theoretical model is applicable
only to short-term loads, it can also provide insights for the analysis of
LDCAs under various loading conditions. Specifically, it needs to inte-
grate the interface model and the material models that are compatible
with the investigated loading conditions into this theoretical framework.
For instance, rheological models are indispensable to characterize the
creep behaviors of the soil-anchor interface and the anchor body; dy-
namic models may be required for cyclic or seismic loading conditions.
Noteworthy that the load-transfer governing equation of LDCAs may be
hard to explicitly formulate in this case, and the implementation of
novel methodologies is needed.
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4. Finite element simulations for verification of the theoretical
model

4.1. Geometric dimension, mesh generation and model parameters

Three groups of three-dimensional finite element models are estab-
lished in ABAQUS to simulate the load-transfer behavior of LDCA. As the
cases of theoretical model verification, these three FE models of LDCA
are designed with 1, 2, and 3 anchor bodies respectively, among which
the anchor equipped with only one anchor body is virtually the load-
concentrated compression anchor (LCCA). The anchorage segments
are all 12 m in total length. The anchor diameters are all 130 mm. The
anchor bodies are 12 m, 6 m, and 4 m in length for the three groups of
LDCA, respectively. The reinforcement bar is 36 mm in diameter. The
LDCA exhibits axisymmetric features in geometry and mechanics.
Therefore, all 3D FE models of LDCAs are developed with 1/2 scale for
improving the simulation efficiency. Geometric dimension and bound-
ary conditions of the FE models are shown in Fig. 8. Proportional coef-
ficient q; is stipulated to be 1.0, which implies the compressive force
exerted on each anchor body is equal. Young’s modulus and Poisson’s
ratio of the anchor body are 30 GPa and 0.22, respectively. The sur-
rounding soil is homogeneous and equipped with high strength. Young’s
modulus and Poisson’s ratio of the soil are 200 MPa and 0.33, respec-
tively. All parts were made up of C3D8R elements. The steps of FE
simulation were programmed according to the bearing characteristics
and the construction technology of LDCA, including ground stress bal-
ance, anchor hole creation, anchor-soil contact, and pullout load
application [33,34].

The cohesive contact elements were employed to characterize the
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nonlinear interface behaviors between soil and anchor in the present FE
simulation. Hereinto, the interface damage evolution was stipulated in
exponential form [35,36]. The interface model parameters are defined
as: interface elastic shear stiffness k.=8.5x 10* kPa.m’l, initiation slip at
bond damage 32:1 .6 mm, ultimate interface cohesive stress 1'3:1 36 kPa,
displacement at complete failure se=30 mm, and damage evolution rate
a=2.8. Noteworthy that the interface mechanical model used in FE

180
= =+ DSC model (6,=0kPa)

150 - — - DSC model (6,=15kPa)
g:? — - DSC model (6,=30kPa)
4 R Exponential damage laws
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Fig. 9. Comparisons of the characterization for soil-anchor interface behavior
between FE simulation and theoretical modeling.

Py

15t anchor body

50m

0.13m

Fig. 8. Geometric dimension, mesh generation and boundary conditions of the FE model for LDCA equipped with three anchor bodies: (a) three-dimensional view;

(b) front view; (c) top view.
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simulation is different from that used in the above theoretical analysis.
Therefore, it is extremely crucial to ensure the consistency of the
soil-anchor interface mechanical behaviors defined in FE simulation and
theoretical analysis. Based on the least square method, Eq. (14) was
utilized to fit the interface shear stress-displacement curve concretized
by the exponential damage interface model. The result of regression
analysis was illustrated in Fig. 9. All parameters of the DSC-based
interface non-linear model were further obtained, including
ser=0.8 mm, £=4.2, n=2.8, ¢;=32°, ¢;=180 kPa, ¢.=16°, c.=60 kPa.
More details about the definitions of the five interface model parameters
in FE simulation as well as the calibration for the theoretical model
parameters can be found in Zhu et al. [30,37].

4.2. Numerical verification for the load-transfer theoretical model

Fig. 10 compares the pullout load P- displacement s curves for LDCAs
equipped with different numbers of anchor bodies obtained from FE
simulation and theoretical analysis. The three groups of theoretically
calculated P-s curves were all in good agreement with the numerical
simulation results. Table 1 summarizes the relative errors between FE
simulations and theoretical calculations for the ultimate pullout load P,
and the maximum pullout displacement $o max. For these three groups of
LDCAs, the relative error of ultimate pullout load obtained from the two
methods is no more than 3.5 %, and the relative error of maximum
pullout displacement is no more than 5.0 %. Meanwhile, compared with
load-concentrated compression anchor (LCCA), the LDCA has larger
bearing capacity and smaller displacement. The bearing performance of
LDCA improves as the number of anchor bodies increases. For example,
the ultimate bearing capacity of the LDCA with three anchor bodies is
11.7 % higher than that of LCCA, and the maximum pullout
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Table 1
Relative errors between FE simulations and theoretical calculations for ultimate
pullout load and maximum pullout displacement.

The number of
anchor bodies

Ultimate pullout load P, Maximum pullout

displacement $o max

FEM Theory  Relative FEM Theory  Relative
(kN) (kN) error (mm) (mm) error
(%) (%)
Nye=1 519.6 501.3 3.5 58.4 56.1 3.9
Npe=2 555.8  547.2 1.5 31.9 30.3 5.0
N,=3 580.5 574.2 1.1 22.8 21.7 4.8

displacement is 61.3 % smaller.

When the anchor head is exposed to the maximum load, the interface
shear displacements along the entire anchorage length range from
1.0 mm to 9.2 mm, 1.0 mm to 4.8 mm, and 1.1 mm to 3.9 mm for the
LDCAs comprising one, two, and three anchor bodies, respectively.
Noteworthy that the interface shear displacement is different from the
pullout displacement given in Table 1. The relationship between these
two parameters was expressed by Eq. (26). As shown in Fig. 9, the
interface shear stress of the exponential damage laws employed in FE
simulation is larger when the displacement ranges from 1.0 mm to
9.2 mm. As a consequence, the ultimate pullout load obtained from FE
simulation is larger than that obtained from theoretical calculation. The
range of interface shear displacement is larger for the LDCA with fewer
anchor bodies, resulting in a greater difference in interface shear stress
for these two methods. This is expected to explain why the relative error
between FE simulations and theoretical calculations for ultimate pullout
load is greater for this LDCA. In addition, a greater pullout load results in
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Fig. 10. Comparisons of P-s curves for LDCAs obtained from FE simulation and theoretical analysis: (a) one anchor body (that is actually LCCA); (b) two anchor

bodies; (c¢) three anchor bodies.
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Fig. 13. Comparisons of stress distribution for LDCA with three anchor bodies
shear stress.

a greater tensile deformation of the unbonded steel strand, which in turn
produces larger pullout displacement for LDCAs in FE simulation.

Figs. 11, 12, and 13 illustrate the distributions of axial force and
interface shear stress for LDCAs with different numbers of anchor
bodies, as derived from FE simulation and theoretical analysis. Some

Displacement from anchor bottom (m)

obtained from FE simulation and theoretical analysis: (a) axial force; (b) interface

discrepancies still persist between the results of FE simulations and
theoretical calculations when the pullout load is relatively small. This
discrepancy can be attributed to the fact that the two interface me-
chanical models exhibit relatively obvious differences when the inter-
face shear stress is small, in particular below 120 kPa, as shown in Fig. 9.

10
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The differences become more evident between the results yielded by the
two methods with the increasing the pullout load. But in general, the
theoretically calculated distribution curves of axial force and interface
shear stress under various load levels all match well with the FE nu-
merical results. It validates the effectiveness and accuracy of the
developed theoretical model in predicting the load-transfer behavior of
LDCA.

As shown in Fig. 11, the axial force of LDCA with one anchor body
(LCCA) distributed non-linearly over anchorage segment, and the
interface shear stress distributed unevenly. However, with the increase
of anchor body, the axial force distribution of LDCA tends to be linear
and the interface shear stress distribution becomes more uniform. The
interface shear strength at different positions can easily be mobilized
together for the LDCA with more anchor bodies. Load concentration can
also be avoided in this way. This is contributed to the greater bearing
capacity for LDCA. The axial force for each anchor body is maximum at
its head and is minimum at its end. At the junction of different anchor
bodies, the axial force changes abruptly due to the application of
compressive force (Figs. 12a and 13a). In the present cases, the anchor
bodies are compressed at their heads and are tensioned at their ends,
which is described by Eq. (12). The value and distribution area of tensile
stress enlarge as the increase of compressive force. The sum of
compressive stress and tensile stress of anchor body at this junction is
equal to the compressive force exerted on the bearing plate. In addition,
as demonstrated in Figs. 12(b) and 13(b), the abrupt alteration of axial
force leads to a corresponding change in interface normal stress, which
further results in the sudden change of interface shear stress at the
junction. The greater the compressive force, the more pronounced the
magnitude of the abrupt change in interface shear stress.

5. Verifications through in-situ pullout tests
5.1. Case 1

Shin et al. [23] carried out in-situ pullout tests on LDCAs embedded
in weathered rock with varying numbers of anchor bodies. In this study,
the experimental data collected from groups T21 and T31 were utilized
to validate the proposed theoretical load-transfer model. The LDCAs
were designed with two and three anchor bodies, respectively. Besides,
they were 105 mm in borehole diameter, 17 m in total anchorage
length, 1 m in space of anchor bodies, and 0.4 m in bearing body length.
The mechanical parameters of the anchor body and surrounding rock
were summarized as: Eg=17.4 GPa, v;=0.20, E;=300 MPa, and v;=0.30.
The compressive force exerted on each anchor body is 167 kN, and the
corresponding proportional coefficient ; is 1.0. The axial force distri-
butions of LDCAs in the in-situ pullout tests have been discussed through
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FE simulation by Shin et al. [25]. The parameters of the DSC-based
interface model were determined according to the mechanical proper-
ties of the surrounding soil and the in-situ pullout test results, including
Ser=1.6 mm, £=2.2, n=1.8, ¢;=28°, ¢;=960 kPa, ¢.=12° and c.=240
kPa.

Fig. 14 compares the axial force distributions for the two groups of
LDCAs obtained from three methods. The theoretical calculations show
close match with the in-situ pullout test results and FE simulations. It can
be observed that the axial force exhibits markedly nonlinear distribution
over anchoring area, and its decrease rate is very fast. In the two cases,
for the 1°* anchor body, the axial force decreases approximately to zero
at 6-8 m from the bottom of anchorage segment. While for the other
anchor bodies, the axial force decreases approximately to zero at their
ends. The excellent properties of the soil around the anchor and the large
soil-anchor interface shear strength contribute to the rapid dissipation of
axial force.

5.2. Case 2

Ye et al. [38] carried out in-situ pullout tests for LDCAs used in slope
engineering. The LDCA was 200 mm in anchor diameter, and 32 m in
total length, of which the anchorage length was 18 m. Four anchor
bodies were installed with space of 4.5 m. The anchorage segment was
mainly embedded in silty clay. The mechanical parameters of anchor
body and surrounding soil were summarized as: feyg=37 MPa,
Eg=20 GPa, v4=0.20, E;=200 MPa, and vs=0.33. In order to measure the
axial force distribution, sixteen groups of vibrating wire extensometers
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Fig. 15. Comparisons of axial force distribution obtained from in-situ pullout
tests and theoretical calculations.
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Fig. 14. Comparisons of axial force distribution obtained from in-situ pullout tests, FE simulations and theoretical calculations: (a) T21 (two anchor bodies); (b) T31

(three anchor bodies).

11



S. Zhu et al.

were arranged uniformly along the entire anchorage segment. The
testing data with total pullout loads of 300 kN and 500 kN were adopted
for theoretical model verification. The parameters of the DSC-based
interface model were determined according to the mechanical proper-
ties of the surrounding soil and the in-situ pullout test results, including
Ser=2.0 mm, £=2.8, n=1.8, ¢;=28°, ¢;=180 kPa, ¢.=12° and c.=60 kPa.

Fig. 15 illustrates the comparison between the theoretically pre-
dicted axial force distribution and the testing data. Once more, the
concordance of the results yielded by the two methods is excellent in this
study case. These findings suggest that the theoretical model developed
in Section 3 is capable of predicting the load-transfer behavior of the
LDCA. Furthermore, unlike the cases in Sub-Section 5.1, the axial force
distributes linearly over anchoring area, and the anchor bodies are in
tension state in this case. There are two reasons for this phenomenon: (a)
the surrounding soil is equipped with suboptimal mechanical perfor-
mance, resulting in the relatively small soil-anchor interface shear
strength; (b) each anchor body is of considerable length.

6. Parametric studies

The effectiveness and accuracy of the developed theoretical model
have been examined through FE simulations and in-situ pullout test
results. The objective here is to investigate the effects of several key
design parameters on the bearing capacity of LDCA. The mechanical
parameters of the anchor body, soil, and interface defined in Sub-Section
4.1 served as the baseline in the subsequent discussions.

6.1. Effect of anchorage length

Fig. 16 plotted the relationship between ultimate pullout load and
anchorage length for LDCAs with various numbers of anchor bodies. As
with the conventional tension anchors, the bearing capacity of LDCA
increases in tandem with anchorage length L,, albeit at a gradually
diminishing rate of change. In instances where the anchorage length
exceeds 12 m, the increase amplitude of bearing capacity decreases
significantly for the LDCAs with single or double anchor bodies. This
finding indicates that the length in question is in proximity to the
effective anchorage length.

The quantity of anchor bodies also exerts a significant influence on
the bearing capacity of LDCA. As shown in Fig. 17, if the anchorage
length is relatively brief, measuring less than 6 m, the number of anchor
bodies exhibits a negligible impact on the bearing capacity of LDCA.
Meanwhile, if the anchorage length is of considerable magnitude, the
bearing capacity of LDCAs will be markedly improved with the increase
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Fig. 16. Relationship between ultimate pullout load and anchorage length for
LDCAs with various numbers of anchor bodies.
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Fig. 17. The influence of the number of anchor bodies on the ultimate pullout
load of LDCAs with different anchorage lengths.

of anchor bodies. Therefore, it is an effective method for the bearing
performance enhancement of LDCA by increasing the anchorage length
and the quantity of anchor bodies. However, the aforementioned strat-
egy does not apply to LCCA.

6.2. Effect of length ratio between different anchor bodies

The LDCA with three anchor bodies was selected as an example to
investigate the effect of length ratio between different anchor bodies on
the bearing capacity. Fig. 18 illustrates the variation of ultimate pullout
load with length ratio for the case of length ratio designed as 1: 1: k. It
can be seen that the length ratio between different anchor bodies has
minimal impact on the bearing capacity of LDCA if the anchorage length
L,<12 m. When the anchorage length L, > 12 m, as the increase of
length L,3 of the 3" anchor body, the ultimate pullout load of LDCA will
initially increase and then decrease. The maximum bearing capacity is
achieved when the length ratio is 1: 1: 2. Hence, the length adjustment
for anchor bodies is a reasonable measure for improving the bearing
capacity of LDCA, even if the anchorage length and the number of an-
chor bodies are both constant. There should be an optimal length ratio
between different anchor bodies for each LDCA. In other words, the
bearing capacity manifests the maximum value for LDCA with this
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Fig. 18. Effect of length ratio of anchor bodies on the ultimate pullout load for
LDCAs with three anchor bodies.
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length ratio. The research of optimal length ratio may be relatively easy
if the anchor bodies are less in quantity. However, this study will
become exceedingly arduous in the event that the LDCA is equipped
with numerous anchor bodies, in particular the quantity exceeds three.
In this case, the implementation of intelligent optimization methods
seems to be beneficial in addressing this issue.

6.3. Effect of load proportional coefficient

Fig. 19 discussed the effect of load proportional coefficient on the
ultimate pullout load for LDCAs with three anchor bodies. The length
ratio was designed as 1: 1: k for the case. The results indicate that load
proportional coefficient exhibits a negligible impact on the bearing ca-
pacity of LDCA if the anchorage length is relatively brief, in particular
less than 6 m. When the anchorage length L, > 12 m, the ultimate
pullout load of LDCA decreases with the increase of load proportional
coefficient. The larger the anchorage length, the more significant the
reduction of bearing capacity. Accordingly, if the length of each anchor
body is identical, the LDCA will attain its maximum bearing capacity
under conditions of equal compressive force on each bearing plate.
Another issue to keep in mind is that the interaction exists between
length ratio and load proportional coefficient with regard to the bearing
capacity of LDCA. It is an exceptionally difficult challenge to ascertain
the optimal length ratio and load proportional coefficient
simultaneously.

6.4. Effect of axial stiffness

The axial stiffness of anchor body is also an important parameter that
affects the bearing performance of LDCA. As illustrated in Fig. 20, an
increase in the axial stiffness of the anchor body results in a corre-
sponding enhancement in the bearing capacity of the LDCA, which ul-
timately attains a specific value. In addition, the less the number of
anchor bodies, the greater influence of axial stiffness on the bearing
capacity of LDCA. Therefore, in the case of the LDCA equips with few
anchor bodies, increasing the axial stiffness of anchor body is a benefi-
cial measure to the improvement of bearing capacity. However, this
does not apply to the LDCAs with a large number of anchor bodies.

7. Summary and conclusions
This paper developed a novel method for the load-transfer analysis of

LDCA from the theoretical solution perspective. The interface mechan-
ical behavior between soil-anchor was characterized by a DSC-based

1200
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Fig. 19. Effect of load proportional coefficient on ultimate pullout load for
LDCAs with three anchor bodies.
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Fig. 20. Calculated ultimate pullout load versus axial stiffness for LDCAs with
different numbers of anchor bodies.

nonlinear model. The bearing mechanism of LDCA was subjected to
particular consideration through the integration of finite difference
method. Three-dimensional finite element models were established to
simulate the load-transfer behavior of LDCA with different numbers of
anchor bodies. The theoretical calculations were compared with FE
numerical results for the verification of the theoretical model. Para-
metric studies were finally conducted. The main conclusions are sum-
marized as follows.

(1) The load-displacement curves, axial stress, and interface shear
stress distributions for LDCAs with different numbers of anchor
bodies predicted by the proposed DSC-based theoretical model
were all in good agreement with the results from FE simulations
and in-situ pullout tests, proving that the theoretical model is
deemed efficient and accurate for the prediction of the load-
transfer behavior of LDCA.

(2) Compared with the load-concentrated anchor, LDCA exhibits a

greater pullout capacity and a smaller displacement. This is due

to the fact that the pullout load dispersion serves to eliminate
stress concentrations, and the interface shear stress distributes
more uniformly.

The distribution of interface shear stress will be more uniform if

the LDCAs are equipped with more anchor bodies, which is

beneficial to the corporate mobilization of interface shear
strength at different positions, so that the anchor can easily
obtain better bearing performance.

It is an effective method for the bearing performance enhance-

ment of LDCA through increasing the anchorage length or axial

stiffness of anchor body and the quantity of anchor bodies
simultaneously.

(5) The interval between adjacent bearing bodies should be designed

carefully and be sufficiently large for preventing the occurrence

of tensile stress in the anchor bodies.

The length ratio and load proportional coefficient between

different anchor bodies will exert a remarkable influence on the

load-transfer behavior of LDCA if its anchorage length is large.

For LDCAs with three anchor bodies, if the compressive force

applied on each bearing plate is identical, the maximum bearing

capacity is achieved when the length ratio is 1: 1: 2. Meanwhile, if
the length for each anchor body is identical, the maximum
bearing capacity is achieved when the load proportional coeffi-

cientis 1: 1: 1.

3

—
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The bearing mechanism of LDCA is considerably more intricate than
that of conventional load-concentrated anchor. The bearing perfor-
mance of LDCA is influenced by a multitude of factors. Hereinto, the
interaction exists between the length ratio and load proportional coef-
ficient of different anchor bodies. It is an exceptionally difficult chal-
lenge to ascertain the optimal length ratio and load proportional
coefficient simultaneously, especially for LDCAs equipped with many
anchor bodies. The implementation of intelligent optimization methods,
such as surrogate model, may be beneficial in addressing this issue. The
optimal parameters obtained through optimization analysis may need to
be adjusted according to the real engineering conditions, including
construction, environment, materials, etc. This is a systematic work that
necessitates the integration of new methodologies or models. The re-
searches in these areas were thus not conducted in this work, but is
currently the subject of a new project.
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