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ABSTRACT:  The drag embedment anchor is one of the most commonly used anchor types for the mooring 

systems of offshore floating structures. For the purpose of further enhancing the anchor efficiency, the piggy-

backed anchors, connecting two drag embedment anchors in series, are evaluated in this study. This study 

presents the kinematic behaviors of two kinds of piggy-backed anchors in clay through laboratory experiments, 

including embedment tests and pull-out tests. The tests results, including anchor trajectory, incline angles and 

capacity, show that the piggy-backed anchors that the back of the front anchor’s fluke is connected to the 
padeye of the rear anchor with a spacing of two fluke lengths exhibit the best capacity and rapid load response 

speed when subjected to in-plane and out-of-plane loads. 

 

 

1 INTRODUCTION 

In order to develop deep-sea resources, the safety of 

offshore floating structures must be prioritized, with 

particular attention to the selection of anchors for their 

mooring systems (Al-Umar et al., 2020; Liu et al., 

2023; Wang et al., 2024). The drag-embedment anchor 

(DEA) is widely used in these mooring arrangements 

because it is simple to install and performs well across 

diverse seabed conditions. To improve anchoring 

performance further, the configuration of two DEAs 

linked in series—so-called piggy-backed anchors (see 

Figure 1)—has attracted growing interest (Lai et al., 

2022; Chen et al., 2025; Lai et al., 2025). 

When two DEAs are coupled to form piggy-backed 

anchors, the rear anchor can penetrate the seabed more 

deeply than a single anchor, and an appropriately 

designed linkage can generate a synergistic increase in 

bearing capacity that exceeds the simple sum of the 

two anchors (Lai et al., 2022). In contrast, 

inadequately designed connections may restrict the 

penetration of the front anchor or induce rotation of the 

rear anchor. Results from laboratory experiments and 

centrifuge modelling demonstrate that anchor spacing, 

attachment point, and plate aspect ratio are critical 

parameters governing the kinematic behavior of 

piggy-backed anchor systems (Lai et al., 2024; Chen 

et al., 2025).  

Most existing research has concentrated on the 

behavior of piggy-backed anchors subjected to in-

plane loads. In deep-water settings, however, extreme 

events such as hurricanes and tsunamis occur more 

frequently than in coastal regions, often damaging 

sections of mooring lines. As a consequence, the load 

transmitted to the remaining anchors may become 

eccentric relative to the plate centreline, resulting in 

out-of-plane (OOP) loading conditions (Benazir et al., 

2023; Laksono et al., 2024; Liu et al., 2025). Such out-

of-plane actions introduce torsional effects on the 

anchor, which diminish its ability to withstand vertical 

and in-plane horizontal forces, ultimately lowering the 

overall load-carrying capacity of piggy-backed anchor 

systems (Aubeny, 2018). 

This study investigates the kinematic behavior of 

two kinds of piggy-backed anchors in the embedment 

stage and the pull-out stage, including anchor 

trajectory, incline angles and capacity. In the 

embedment stage, in-plane load was applied to 

anchors, and in the pull-out stage, in-plane and OOP 

loads were applied.  

2 TEST SETUP 

2.1 Loading apparatus 

The cyclic loading apparatus (Figure 5) is employed in 

this study to conduct the embedment, cyclic and pull-

out experiments, with two primary functions. Initially, 

uniform circular motion is performed by the rotation 

disk, which simulates the regular movement of the 

floating structures during their service life. The disk is 
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actuated by a rotary servo motor capable of operating 

at rotational frequencies up to 0.3 Hz, and its 

maximum radius is 155 mm. In addition, the 

embedment and pull-out process are conducted when 

the anchor chain is retracted. The maximum load 

capacity of the apparatus is 6 kN. 

2.2 Model anchor 

Piggy-backed anchors connect two drag embedment 

anchors in series with the anchor chain. Two 

connection types are employed in this study (Figure 1), 

which are distinguished by the different attachment 

points. FB connection types, the back of the front 

anchor’s fluke is connected to the padeye of the rear 
anchor with a spacing of two fluke lengths (Lf). PE 

conention types, the padeye of the front anchor is 

connected to the padeye of the rear anchor with a 

spacing of 2Lf. A 4 mm diameter chain made of 

stainless steel was used in the tests, which followed 

standard usage guidelines (Vryhof, 2015). High-

precision strain-gauge load cells (ZNLBM-50kg, 50 

kg capacity; ZNLBM-20kg, 20 kg capacity) were used 

to monitor the tensions in the front and rear mooring 

lines. To reduce interference from soil sidewall 

friction, the cables were routed through the base, and 

the mooring lines were connected using coupling nuts. 

The entire assembly was then potted in epoxy resin to 

enhance sealing. 

   
                    (a)                                  (b) 
Figure 1. Connection types: (a). FB; and (b). PE 

The model anchor (Figure 2), as a simplified 

version of DEA designed by Delmar Systems, Inc., 

which is fabricated from stainless steel and constructed 

at a 1:30 scale in comparison to the prototype. The 

anchor weight is 198 g, the fluke length (Lf) is 91 mm, 

the width (df) is 134 mm, the thickness (tf) is 3 mm, 

and the area (Af) is 6960 mm2. 

 
Figure 2. Model anchor 

2.3 Accelerometer  

The accelerometer was employed to record the 

orientations of the anchor: pitch (α), roll and yaw(θ). 
The rotation orientations of the anchor along the three 

coordinate axes have been specified, as illustrated in 

Figure 3. It is a cube with a side length of 15mm and a 

thickness of 3mm (Figure 2). Therefore, the friction 

generated by the accelerometer wire against the clay 

during embedding is minimal and can be disregarded 

in the drag anchor embedding process.  

 
Figure 3. Orientation sign convention 

The trajectory of the piggy-backed anchors is 

obtained through the integration method. The angles 

data are substituted into the Equations (1) to (3), and 

the position coordinates of the anchor at each moment 

can be calculated. 

 𝑥 = ∫ 𝑣 · cos(𝑑𝛼) · cos(𝑑𝜃) 𝑑𝑡 (1) 

 𝑦 = ∫ 𝑣 · cos(𝑑𝛼) · sin(𝑑𝜃) 𝑑𝑡  (2) 

 𝑧 = ∫ 𝑣 · sin(𝑑𝛼)𝑑𝑡 (3) 

 

where x, y, z is positional coordinates of the anchor; v 

is the anchor loading velocity (20 mm/s); α, θ is the 

pitch and yaw angles of the anchor, respectively. 

2.4 Soil foundation 

Malaysian kaolin was employed to prepare the 

saturated soft clay foundation due to its stable material 

properties, and it was widely used in scientific research 

(Lai et al., 2022; Chen et al., 2025; Lai et al., 2025). 

The preparation of the model soil bed followed the 

procedure described by Lee (2008). The undrained 

shear strength (su) was evaluated through a T-bar test, 

and the result is shown in Figure 4.  
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Figure 4. Shear strength profile 

2.5 Experimental arrangement 

Due to the limitations of the size of the model box (1.2 

m × 0.95 m × 1.0 m), the whole tests were divided into 

two parts: (1) Embedment stage (Figure 5 (1)); and (2) 

pull-out stage (Figure 5 (2)). To eliminate boundary 

effects during loading, the anchor plate centroid was 

located 300 mm from the tank wall (Bb/Lf > 3), with a 

total foundation thickness of 500 mm (5.5Lf). These 

geometric parameters adhere to established guidelines 

for mitigating wall and base interference in anchor 

installation testing (Xu et al., 1997; Liu et al., 2010; 

Moore et al., 2021). Before the pull-out tests, the cyclic 

loading was conducted to simulate the motion of 

floating structures, with a radius of 30 mm and 200 

cycles (Figure 6). In the embedment stage, the in-plane 

load was applied to piggy-backed anchors. In the pull-

out stage, both the in-plane load and the out-of-plane 

(OOP) load were applied, with the OOP angles of 30° 

and 60°. In the pull-out stage, front anchor was 

embedded at 1Lf and the rear anchor at 2Lf in the piggy-

backed anchors system, and the single DEA was 

embedded at 1.5Lf initially.  

 
(a) 

 
(b) 

Figure 5. Experimental setup: (a) embedment stage; and 

(b). pull-out stage. 

 
Figure 6. Flowchart of experimental arrangement. 

3 RESULTS AND DISCUSSION 

3.1 Embedment stage  

In the embedment stage, in-plane load was applied to 

the single DEA and two types of piggy-backed anchors 

(FB and PE). Trajectory results reflect that the 

embedment depths of front anchors in two piggy-

backed anchors system are approximately similar to 

the single anchor (Figure 7 (a)). However, rear anchors 

have a deeper embedment depth than that of the single 

anchor. In addition, the rear anchor of FB embeds 

more deeply than that of PE.  

The pitch angle of the single anchor decreases most 

rapidly, the second is PE, and the slowest one is FB. 

The phenomenon illustrates that the fluke of the single 

anchor rotates most quickly, which explains why the 

embedment depth of the single anchor is the smallest 

and that of the FB is the largest. 

Davis and Booker (1973) proposed a method for 

calculating the capacity factors, and capacity results in 

this study were normalized using this method. As 

shown in Figure 7 (c), with the largest embedment 
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depth, FB yields the greatest capacity among three 

kinds of anchors. 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Embedment test results: (a). trajectory; (b). pitch 

angle; and (c). capacity. 

3.2 Pull-out stage 

In the pull-out stage, in-plane load and OOP load were 

applied to anchors. Two OOP angles are carried out 

here (30° and 60°).  

3.2.1 In-plane loading 

Embedment depth of PE decreases much more than 

that of the FB, this phenomenon occurs in both the 

front anchor and the rear anchor (Figure 8 (a)). The 

rear anchor uplift displacement of PE exceeds that of 

the single DEA.  

Pitch angles results are aligned well with trajectory. 

Both anchors in PE system rotate more quickly than 

that of FB and single DEA. Therefore, PE shows a 

stronger pulling-out trend than other anchors. The 

reason is that, due to the configuration, the rear anchor 

of PE is attached to the padeye of the front anchor so 

that the fluke of the front anchor is free to rotate, 

whereas the front anchor of FB cannot. In addition, the 

configuration of PE causes the connecting chain to 

induce localized soil cutting, which weakens the soil 

wedge above the rear anchor and forms a disruption 

zone and makes the rear anchor rotate more easily. 

Capacity of piggy-backed anchors is better than 

that of the single anchor. In addition, FB is better than 

PE, and the load response of FB is the fastest. Based 

on test results, FB demonstrates the robust bearing 

performance in the in-plane loading case. 

 
(a) 

 
(b) 
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(c) 

Figure 8. Pull-out test results under in-plane loading: (a). 

trajectory; (b). pitch angle; and (c). capacity. 

3.2.2 Out-of-plane loading 

As illustrated in Figure 9 (a), with the increase of OOP 

angles, the rate of the increase in the pitch angle of the 

front anchor is faster than that of the rear anchor. 

Therefore, the xz-plane projection of trajectory has the 

same trend of the changes. In addition, as shown in xy-

plane projection of trajectory (Figure 9 (b)), the front 

anchor has a larger offset along the y-axis, which is 

aligned well with yaw angles results. In addition, even 

under nominally in-plane loading, small lateral 

movements can occur due to (1) spatial variability in 

the prepared soil bed (e.g., local density/strength non-

uniformity), (2) slight deviations in anchor installation 

alignment and embedment condition, and (3) 

unavoidable system imperfections. The measured 

OOP behaviour was slightly disturbed by this inherent 

test uncertainty. However, residual lateral translation 

does not change the overall trend of the OOP response. 

Capacity of FB decreases with the increase of OOP 

angles. This reduction arises from the greater moment 

and torsional demands, which diminish the portion of 

capacity available to resist vertical and in-plane 

horizontal loads (Zhao et al., 2020). 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Pull-out test results under OOP loading for FB: 

(a). xz-plane projection of trajectory and pitch angle; (b). 

xy-plane projection of trajectory and yaw angle; and (c). 

capacity. 

The uplift displacements of both the front anchor 

and the rear anchor for PE increase with the increase 

of OOP angles (Figure 10 (a)). The pitch angle of the 

front anchor increases initially and then decreases. The 

reason is that the front anchor is significantly affected 

by cyclic loads, the pitch angle increases quickly in the 

weak zone, and the growth rate decreases when the 

anchor drags into the normal consolidation zone. In 

addition, there exists a clear difference in yaw angle 

results between PE and FB. With the increase of OOP 

angles, the yaw angle of the rear anchor for PE 

increases more rapidly than that of the front anchor. 

This result indicates that the stability of rear anchor for 

PE is poor. 

Capacity of the PE also decreases with the increase 

of OOP angles. There exists a two-stage development 

in capacity. This behavior arises from its unique 

connection configuration, which was mentioned in 

Section 3.2.1. 
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(a) 

 
(b) 

 
(c) 

Figure 10. Pull-out test results under OOP loading for PE: 

(a). xz-plane projection of trajectory and pitch angle; (b). 

xy-plane projection of trajectory and yaw angle; and (c). 

capacity. 

4 CONCLUSIONS 

Embedment and pull-out tests are performed for two 

types of piggy-backed anchors (FB and PE) and the 

single anchor in this study. In the embedment stage, in-

plane load was applied to anchors. In the pull-out stage, 

in-plane load and out-of-plane load were applied to 

anchors. The main conclusions are as follows: (1) In 

the embedment stage, the embedment depth of both 

front and rear anchors for FB is deeper than that of PE, 

and the capacity of FB is larger than that of PE. (2) In 

the pull-out stage, under in-plane loading, FB rotates 

slowly and has a smaller uplift displacement than PE, 

Therefore, FB has a relatively high safety margin. In 

addition, the load response speed of FB is faster. (3) In 

the pull-out stage, under out-of-plane loading, the 

capacity of anchors decreases with the increase of out-

of-plane angles. There exists a two-stage development 

in capacity of PE. Besides, for FB, the yaw angle of 

front anchor is larger than that of the rear anchor, but 

for PE, it is the opposite. By comparing trajectory, 

angles and capacity of two piggy-backed anchors, FB 

(the back of the front anchor’s fluke is connected to the 
padeye of the rear anchor with a spacing of two fluke 

lengths) has the better performance, with a higher 

capacity and a faster load response speed. 
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