
Yulan et al. Heritage Science           (2023) 11:34  
https://doi.org/10.1186/s40494-022-00842-y

RESEARCH

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Heritage Science

Experimental research on the performance 
of a Novel Geo-filament anchor for an Earthen 
architectural site
Wang Yulan1,2*, Guo Jian2, Zhang Weixi3 and Lei Fan4 

Abstract 

At present, most studies of anchorage techniques for earthen architecture ruins are conducted so as to improve the 
anchor force, however, the damage caused to the ruins by anchor reinforcement has not been fully considered in 
practice and no special anchor technique has been applied to reinforce the small sliding mass. This paper summarizes 
the application and R&D of anchor rod techniques as applied to the protection of the Gaochang Ruins, Turpan, in 
China. Based on the reinforcement of the small sliding mass of the earthen historical ramparts, a new type of Geo-
technical Filament Anchor (GFA) is designed. By changing six parameters, including anchorage length (L), GF thickness 
(H), bore diameter (D), slurry strength (S), GFA surface state (R) and inclination Angle (A), the tensile strength, failure 
mode, load displacement (P-S) relationship and strain (ζ-L) distribution characteristics are studied, and corresponding 
analysis is performed on the test data and phenomena. (1) A formula for the design value of the anchorage force N is 
presented. (2) Combining the data on the strain distribution at the GF-slurry interface under the action of N, the shear 
stress distribution model of the anchorage system is obtained. (3) Taking into account the soil mechanical properties 
of the above-mentioned ruins, the shear stress diffusion coefficient (α) is conceptualized, the formula for the shear 
strength of the grouting material is obtained, and the allowable ranges of L, D, H, R, and S determined. A new design 
is proposed for the application of anchorage techniques to earthen ruins in the context of protection of cultural relics, 
which promotes the design and calculation method described in this paper.

Keywords Earthen architecture ruins, Small sliding mass, Geo-filament anchor (GFA), In-situ test, Design concept

Introduction
Earthen architectural sites remain some of the most 
treasured cultural legacies for humankind. Due to the 
diverse construction materials, vulnerability, struc-
tural complexity, and varied classifications of earthen 

architectural sites, their protection has always been a dif-
ficult problem in the field of protection of cultural relics 
[1].

Currently, support and anchorage are the main meas-
ures to solve the problem of structural stability in earthen 
architectural sites. Anchorage technology has been 
widely used in the field of geotechnical engineering. 
Research to use steel bar, steel strand, GFRP(Glass Fiber 
Reinforced Polymer) and AFRP (Aramid Fiber Reinforced 
Polymer.) as the bolt material,have been well developed, 
and their anchorage performance, interface mechanics 
theory and anchorage parameters [2–8] are well estab-
lished. However, the structural reinforcement of earthen 
architecture ruins is very special, so reinforcement 
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techniques and materials adopted in other fields cannot 
be simply copied and applied.

Therefore, a new type of anchor rod for the reinforce-
ment on the structure of earthen architecture ruins has 
been developed and applied [9–11], whose rod materi-
als are mainly Phyllostachys pubescens, wood, and rebar 
[12–15]. Relevant research primarily focuseson the 
influence of anchor rod length and grouting material on 
anchorage force and the stress distribution characteris-
tics of the rod-slurry interface [16–24] However, relevant 
studies have yet to fully considered the requirements of 
strengthened anchorage performance for the site’s soil 
characteristics and have not taken a unique anchor tech-
nique to reinforce the small sliding mass. There is no cor-
responding design theory and calculation method for the 
anchorage technology of earthen ruins, and the design 
basis is mainly based on experience and test data.

This paper summarizes the application and R&D of 
anchor rod techniques as applied to the protection of the 
Gaochang Ruins, Turpan, in China. Based on the rein-
forcement of the small sliding mass of the earthen his-
torical ramparts, a new type of Geotechnical Filament 
Anchor (GFA) is designed. By changing six parameters, 
including anchorage length (L), GF thickness (H), bore 
diameter (D), slurry strength (S), GFA surface state (R) 
and inclination Angle (A), the tensile strength, failure 
mode, load displacement (P-S) relationship and strain 
(ζ-L) distribution characteristics are studied, and cor-
responding analysis is performed on the test data and 
phenomena. This study also attempts to summarize the 
design concepts and computational methods of GFA, and 

simultaneously discuss and rethink the application and 
development of the anchor technique for earthen ruins.

Research background
Gaochang Ruins, one of the important ruins in the Silk 
Road, was built in the first century BC (middle years of 
the Western Han Dynasty) and abandoned in the late 
thirteenth century due to war, its usage period is more 
than a thousand three hundred years, and it has been 
more than two thousand years since it was built.

Most existing rampart ruins were reconstructed and 
built based on Gaochang City in Tang Dynasty. The 
whole city is an irregular square (as shown in Fig. 1) with 
a floor area of about 198 ha. It is composed of three parts: 
outer city, inner city, and imperial city. The rampart is 
6–11  m high and about 10  m wide (bottom), which is 
rammed and built with raw soil, with a thickness of the 
tamping layer of 8–10  cm. Due to the natural and arti-
ficial destruction over one hundred years, the rampart 
ruins are damaged to varying degrees (as shown in Fig. 2).

In this paper, on the research background of reinforce-
ment protection for the rampart ruins of Gaochang 
Ruins, five large-scale protection projects have been 
performed to protect the earthen ruins of Gaochang 
Ruins since 2005. Grouting, adobe support, anchor rod 
reinforcement, and other technical measures are mainly 
taken for the reinforcement of the structure of rampart 
ruins.

The reinforced anchor rod made of bamboo or wood 
can provide greater anchorage force and effectively 
control displacement. They can give full play to their 

（a）Alnert Gruenwedel’s hand drawing(1902).                       （b）Vertical photograph.
Fig.1 The plane layout of the Gaochang Ruins. a Alnert Gruenwedel’s hand drawing (1902). b Vertical photograph
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Fig.2 The partial status of outer rampart ruins of Gaochang

Fig.3 The potential large-scale sliding masses

Fig.4 The potential small sliding masses

Fig.5 Geo-filament

Table 1 GF material performance

Ultimate tension
kN

Tensile strength
MPa

Elongation
%

Friction 
coefficient
f

20.5 273 1.4 0.6
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advantages when reinforcing the potential large-scale 
sliding masses (as shown in Fig. 3) with certain opening 
depth and diameter requirements. The problem of exces-
sive intervention will occur when they are used to rein-
force small sliding masses (as shown in Fig. 4). In view of 
the above problems, a new GFA is designed to reinforce 
small sliding masses of rampart ruins of Gaochang Ruins.

Experiment scheme
Geo-filament is a high-fiber synthetic material that can 
form a stiffed belt after extrusion molding, as shown in 
Fig.  5. The tensile strength of geo-filament is very high, 
and all its physical and mechanical indexes are shown in 
Table 1.

Experiment design and specimen preparation
To research the influence of changes in anchor rod length 
(L), thickness (H), bore diameter (D), grouting mate-
rial (S), ribbing spacing (R), and arrangement angle (A) 
(the angle between the opening axis and the horizontal 
direction) on the anchorage performance, it is designed 
with six independent test batches, including 19 groups of 
tests in total, of which 3 test pieces are processed in each 
group of test. The single-factor test method is adopted, 
where the effect of a single factor on the anchorage force 
at a given time is evaluated under similar environmental 
conditions, keeping the other five factors constant.

The six independent test batches are, respectively: 
anchor length L (5 groups); thickness H (3 groups); bore 
diameter D (3 groups); grouting strength S (3 groups); rib-
bing spacing R (3 groups); arrangement angle A (3 groups). 
The test grouping design parameters are shown in Table 2.

The geo-filament is cut according to the test’s needs, 
with a 400 mm free section reserved for the anchorage of 
the drawing instruments. The outside of the anchor rod 
is evenly ribbed with hemp rope, which the test scheme 
determines the spacing. The end of the anchor rod is 
wound with three rounds of hemp, then the surface of 
the hemp is evenly coated with epoxy resin. It is neces-
sary to ensure that the hemp rope is thoroughly soaked 
with epoxy during the coating process so it can be boned 
tightly to the geo-filament.

To test the geo-filament-slurry interface stress distri-
bution, the researcher divided the filament anchor rod 

Table 2 Specimen grouping design parameter table

Parameter Anchor length
(mm)

thickness N
(piece)

Bore 
diameter
(mm)

Slurry
number

Ribbed spacing
(mm)

Angel of 
inclination
(°)

Number of 
test piecesFactor

L Series (Anchor length) 800 (L8) Single 45 S2 30 0° 3

1200 (L12) 3

1500 (L15) 3

2000 (L20) 3

3000 (L30) 3

H Series (One-sided thick-
ness)

1200 Single (H1) 45 S2 30 0° 3

Double root (H2) 3

D Series (Aperture) 1200 Single 45 (D45) S2 30 0° 3

75 (D75) 3

80 (D80) 3

S Series (Slurry strength) 1200 Single 45 S1 30 0° 3

S2 3

S3 3

R Series (Ribbed spacing) 1200 Single 45 S2 0 (R0) 0° 3

30 (R30) 3

100 (R100) 3

A Series (slope) 1200 Single 45 S2 30 0 (A0) 3

10 (A10) 3

15 (A15) 3

Fig.6 The experiment anchor rod diagram. 1 geo-filament; 2. three 
times of hemp rope; 3. hemp rope; 4. strain foils; 5. compensator
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into four equally spaced segments, with strain gauges 
arranged at the ends and the demarcation points, and 
the compensation plate is placed in the middle of the 
anchor rod. The schematic diagram of anchor produc-
tion is shown in Fig. 6. The diagram of the cross-section 
of the anchor is shown in Fig. 7. The strain gauge is sealed 
with epoxy resin and waterproof tape, and the lead and 
shielded wires are numbered successively after welding. 
The field production of the test piece is shown in Fig. 8.

Material characteristics of the experiment
Mechanical properties of the rammed earth

(1) The rampart relics of Gaochang are mainly built 
with rammed earth. To reduce the test deviation, the 
researcher samples the drill core in the in-situ test area, 
and measures the parameters of rammed earth materi-
als, as shown in Table 3.

(2) Mechanical properties of the grouting body
Three kinds of slurry are prepared according to the 

actual engineering experience (S1, S2, S3), and the 
slurry proportion is calculated according to the weight 
proportion.

Proportion of S1 earth: cement: fly ash = 90:5:5. 5% 
ludox emulsion is mixed.

Proportion of S2 earth: cement: fly ash = 85:5:10. 5% 
sweller is used.

Proportion of S3 earth: cement: fly ash = 80:10:10. 5% 
sweller emulsion is mixed.

The water cement ratio of three kinds of slurry 
is 30% (weight ratio). Make slurry test blocks with 
7.07 ×7.07 mm mortar test mold, and measure its com-
pressive mechanical property 30  days after curing, as 
shown in Table 4.

Fig.7 Diagram of the cross section of the anchor. 1. geo-filament; 2. 
grout; 3.site soil

a Winding of Hemp Rope   b Painting of Epoxy Resin    c Pasting of Strain Gauge           d Molding of Anchor Ro d
Fig.8 The manufacture of experiment anchor rod. a Winding of Hemp Rope b Painting of Epoxy Resin c Pasting of Strain Gauge d Molding of 
Anchor Rod

Table 3 Physical and mechanical parameters of rammed earth

Test lock Moisture 
content ω/%

Density ρ
/g·cm−3

Angle of internal 
friction ϕ/(º)

Cohesio 
strength·c/kN

Test block compressive 
strength (MPa)

Compression 
elastic modulus
E/MPa

1 3.2 1.89 25.5 28.5 1.61 180.32

2 2.8 1.76 23.6 27.6 1.55 179.40

3 2.5 1.81 24.4 28.2 1.73 188.80

Mean 2.8 1.82 24.5 28.1 1.63 182.84
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In‑situ test
Test piece installation
To avoid interaction among anchor rods, the drilling 
spacing in vertical and horizontal directions shall be 
more than 1 m. The bore diameter is first cleared with a 
brush and hair dryer. To ensure that the slurry is closely 
knit, the pore end is blocked with modified loess mud.

Test method
The measurement range of anchor rod tension meter is 
0–100  kN, the pull stroke is 150  mm, and the model is 
ZY-10. The strain acquisition instrument shall be a TDS-
303 data acquisition instrument produced by Japan, with 
a measurement range from − 20,000 to 20,000. The KFG 
series general foil strain gauge is used, and the dimension 
of the sensitive grid is 3 ×10 mm (with a resistance value 
of 120.8 ± 0.1 and the sensitivity of 2.14 ± 1%). To coop-
erate with the anchor rod tension meter, make a coun-
terforce frame with a thick steel plate. The middle of the 
counterforce frame and the ruins are padded with a wood 
block, and the displacement sensor is installed on the 
steel counterforce frame. Additional file 1. The schematic 
diagram of the test device is shown in Fig. 9.

The test was performed in the primary soil of non-cul-
tural relics near the eastern section of the northern ram-
parts of Gaochang Old City in Turpan, Xinjiang, in May. 
Considering location and climate factors, the researcher 
performed an in-situ pull-out test after the anchor rod 
was implanted and the slurry was consolidated entirely 
(about 40 days).

Table 4 Mechanical properties of grout

Test block Number Compressive strength 
(MPa)

Compression elastic 
modulus (MPa)

Experimental 
value

average Experimental 
value

average

SI grout 1 1.94 1.93 65.65 64.89

2 1.86 63.26

3 1.98 65.78

S2 grout 1 2.81 2.81 68.75 68.60

2 2.72 67.38

3 2.91 69.68

S3 grout 1 5.64 5.41 188.5 184.06

2 5.32 182.3

3 5.27 181.4

Fig. 9 The experimental device diagram. 1. anchorage, 2. magnetic 
stand, 3. displacement sensor, 4. the support displacement sensor, 
5. reaction frame, 6. wood footplate, 7. load sensor, 8. hollow jack, 9. 
Geo-filament bolt, 10.grouting material, 11. site soil; 12. locating ring

Table 5 The test results by different anchor rod length

Number Destruction mode (kN) Fracture load 
(kN)

Average (kN)

L8-1 GF deformation (2.3) → slurry cracking (6.8) → GF pull out(7.8) 7.8 7.95

L8-2 GF deformation (1.6) → slurry cracking (5.2) → GF pull out(5.4) 5.4*

L8-3 GF deformation (2.2) → slurry cracking (7.3) → GF pull out(8.1) 8.1

L12-1 GF deformation (2.3) → slurry cracking (7.6) → GF pull out(11.5) 11.5 10.63

L12-2 GF deformation (2.4) → slurry cracking (7.8) → GF pull out(9.8) 9.8

L12-3 GF deformation (2.0) → slurry cracking (8.1) → GF pull out(10.6) 10.6

L15-1 GF deformation (2.3) → slurry cracking (6.5) → slurry crushing(11.2) → GF pull out(15.5) 15.5 16.47

L15-2 GF deformation (2.5) → slurry cracking (7.1) → slurry crushing (13.6) → GF pull out (17.1) 17.1

L15-3 GF deformation (2.3) → slurry cracking (7.5) → slurry crushing (12.8) → GF pull out (16.8) 16.8

L20-1 GF deformation (2.3) → slurry cracking (7.5) → slurry crushing (12.3) → GF pull out(18.7) 18.7 18.55

L20-2 GF deformation (2.8) → slurry cracking (8.2) → slurry crushing (15.1) → GF pull out (15.6) 15.6*

L20-3 GF deformation (2.3) → slurry cracking (7.3) → slurry crushing (11.8) → GF pull out (18.4) 18.4

L30-1 GF deformation (2.6) → slurry cracking (7.8) → slurry crushing (11.5) → GF fracture (19.8) 19.8 19.83

L30-2 GF deformation (2.4) → slurry cracking (7.5) → slurry crushing (13.2) → GF fracture (19.6) 19.6

L30-3 GF deformation (2.2) → slurry cracking (8.2) → slurry crushing (12.8) → GF fracture (20.1) 20.1
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Table 6 Test results of different anchor rod thickness

Number Destruction mode (kN) Fracture load 
(kN)

Average (kN)

H1-1 GF deformation (2.5) → slurry cracking (8.0) → GF pull out (10.6) 10.6 11.16

H1-2 GF deformation (2.5) → slurry cracking (8.2) → GF pull out (11.7) 11.7

H1-3 GF deformation (2.2) → slurry cracking (7.5) → GF pull out (11.2) 11.2

H2-1 GF deformation (3.2) → slurry cracking (7.5) → slurry crushing (12.3) → GF pull out (14.2) 14.2 13.53

H2-2 GF deformation (3.5) → slurry cracking (7.1) → slurry crushing (12.6) → GF pull out (13.6) 13.6

H2-3 GF deformation (3.5) → slurry cracking (7.9) → slurry crushing (11.8) → GF pull out (12.8) 12.8

Table 7 The test results by different bore diameter

Number Destruction mode (kN) Fracture load (kN) Average (kN)

D45-1 GF deformation (2.3) → slurry cracking (7.4) → GF pull out(11.5) 11.5 10.77

D45-2 GF deformation (2.1) → slurry cracking (7.8) → GF pull out(10.1) 10.1

D45-3 GF deformation (2.2) → slurry cracking (7.5) → GF pull out(10.7) 10.7

D75-1 GF deformation (2.4) → slurry cracking (6.3) → GF pull out(8.1) 8.1* 10.5

D75-2 GF deformation (2.5) → slurry cracking (6.5) → GF pull out(10.7) 10.7

D75-2 GF deformation (2.2) → slurry cracking (6.6) → GF pull out(10.3) 10.3

D80-1 GF deformation (2.3) → GF pull out (7.6) 7.6 7.63

D80-2 GF deformation (2.2) → GF pull out (8.2) 8.2

D80-3 GF deformation (2.7) → GF pull out (7.4) 7.4

Table 8 The test results by different slurry strength

Number Destruction mode (kN) Fracture load (kN) Average (kN)

S1-1 GF deformation (2.3) → slurry cracking (4.5) → GF pull out (7.3) 7.3 7.73

S1-2 GF deformation (2.5) → slurry cracking (3.7) → GF pull out (7.9) 7.9

S1-3 GF deformation (2.1) → slurry cracking (4.3) → GF pull out (7.7) 7.7

S2-1 GF deformation (2.1) → slurry cracking (7.5) → GF pull out (11.4) 11.4 11.43

S2-2 GF deformation (2.3) → slurry cracking (8.2) → GF pull out (12.1) 12.1

S2-3 GF deformation (1.7) → slurry cracking (7.1) → GF pull out (10.8) 10.8

S3-1 GF deformation (2.1) → soil-part loosening (14.7) → slurry pull out (17.9) 17.9 17.53

S3-2 GF deformation (1.8) → soil-part loosening (14.1) → slurry pull out (17.5) 17.5

S3-3 GF deformation (1.9) → soil-part loosening (13.3) → slurry pull out (17.2) 17.2

Table 9 The test results by different surface state

Number Destruction mode (kN) Fracture load (kN) Average (kN)

R0-1 GF deformation (2.1) → GF pull out (4.7) 4.7 4.33

R0-2 GF deformation (2.3) → GF pull out (4.5) 4.5

R0-3 GF deformation (2.0) → GF pull out (3.8) 3.8

R30-1 GF deformation (2.0) → slurry cracking (7.5) → GF pull out (11.4) 11.4 11.06

R30-2 GF deformation (2.4) → slurry cracking (7.7) → GF pull out (10.6) 10.6

R30-3 GF deformation (2.1) → slurry cracking (7.2) → GF pull out (11.2) 11.2

R100-1 GF deformation (2.2) → GF pull out (7.3) 7.3 7.53

R100-2 GF deformation (2.0) → GF pull out (7.5) 7.5

R100-3 GF deformation (2.4) → GF pull out (7.8) 7.8
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To eliminate the stress clearance among devices, the 
researcher pre-applied 200 N pull before data acquisition 
and adopted the electric servo hydraulic pressure method 
for loading. The loading rate is 50 N/s until the anchorage 
system is damaged.

Analysis of the test results
Analysis of the anchorage performance
Through the observation of the experimental phenom-
enon and data analysis, the corresponding relationship 
between the failure stages and the anchorage forces dur-
ing the pull-out process of GFA in each test group is 
obtained, as shown in Tables 5, 6, 7, 8, 9, 10 (data with ‘‘*’’ 
in the table is bad value).

There are four main types of destruction modes of 
the GFA during the pull-out process in the experiment, 
which is listed as follows: geo-filament pullout (Fig. 10a); 
slurry damage (Fig. 10b); geo-filament fracture (Fig. 10c); 
soil-part loosening and grouting material pull-out 
(Fig. 10d).

By summarizing the destruction phenomena and the 
properties of each destruction stage, the following con-
clusions can be drawn:

a. The destruction mode of the GFA is mainly GF pull-
out (Fig.  10a), and the performance of the anchor-
ing system has not been fully exploited. When 
the strength of the slurry is sufficiently strong, the 
destruction mode of soil-part loosening and grout-
ing material pull-out (Fig.  10d) will occur. By this 
time, the performance of the anchoring system has 
been fully exploited. Hence, the soil-part loosening 
and grouting material pullout appear to be an ideal 

Table 10 The test results by different deployment angle of anchor rod

Number Destruction mode(kN) Fracture load (kN) Average (kN)

A0-1 GF deformation (2.0) → slurry cracking (7.2) →GF pull out (10.3) 10.3 10.77

A0-2 GF deformation (2.2) → slurry cracking (8.1) → GF pull out (11.2) 11.2

A0-3 GF deformation (2.3) → slurry cracking (7.6) → GF pull out (10.8) 10.8

A10-1 GF deformation (1.8) → slurry cracking (6.3) → GF pull out (9.4) 9.4 8.97

A10-2 GF deformation (2.0) → slurry cracking (7.5) → GF pull out (10.2) 10.2

A10-3 GF deformation (2.1) → slurry cracking (6.6) → GF pull out (7.3) 7.3

A15-1 GF deformation (1.9) → slurry cracking (4.7) → GF pull out (7.1) 7.1 6.37

A15-2 GF deformation (2.3) → slurry cracking (5.1) → GF pull out (6.7) 6.7

A15-3 GF deformation (2.0) → slurry cracking (4.6) → GF pull out (5.3) 5.3

（a）GF pull out （b）grouting damage (c) GF fracture
(d) soil-part loosening and 
grouting material pullout

Fig. 10 The main destruction mode. a GF pull out b grouting damage c GF fracture d soil-part loosening and grouting material pullout

Fig. 11 The curve of L-P-S
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mode of destruction. However, this results in second-
ary damage to the earthen ruins, so the destruction 
mode appears non-conducive to heritage preserva-
tion.

b. When the anchorage length reaches about 3000 mm, 
the ultimate anchorage force is close to the breaking 
force of geo-filament, and the destruction mode of 
GF fracture (Fig. 10c) occurs.

c. Changing the anchorage length (L), grouting material 
strength (S), and surface state (R) of GFA can signifi-
cantly improve the anchorage performance. Chang-

ing the anchor thickness (H), bore diameter (D), 
and anchorage angle (A) of GFA cannot significantly 
improve the anchorage performance

Load—displacement (P‑S) relationship
The measured data of each group is sorted out, the bad 
values are eliminated and the available data is averaged. 
The load–displacement curves (P-S) of L, H, D, R, S, 
and A are obtained, as shown in Figs. 11, 12, 13, 14, 15, 
16. According to the division of each destruction stage 
in Table  5, the load–displacement curves are distin-
guished by different colors.

a. The green area of the load–displacement curve rep-
resents the geo-filament deformation stage. The max-
imum load at this stage is expressed as  Ni.

b. The yellow area of the load–displacement curve rep-
resents the stage where the grouting material crack 
or the pullout appears. The maximum load at this 
stage is expressed as  Nj.

Fig. 12 The curve of H-P-S

Fig. 13 The curve of D-P-S

Fig. 14 The curve of S-P-S

Fig. 15 The curve of R-P-S

Fig. 16 The curve of A-P-S
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c. The red area of the load–displacement curves rep-
resents the stage of geo-filament pullout or fracture. 
The maximum load at this stage is expressed as  Nk.

(1) Influence of anchorage length L on the load–dis-
placement curve.

The L-P-S curve is shown in Fig. 11. With the increase 
of anchor length, the anchorage force is significantly 
improved, and the anchor displacement is effectively 
controlled under the same pulling force.

The anchorage force increases with the increase of 
anchor length. If the anchor length is in the range of 
800 mm–1500 mm, the growth rate of ultimate anchor-
age force increases step by step. If the anchor length is 
in the range of 1500  mm–3000  mm, the growth rate of 
ultimate anchorage force decreases; If the anchor length 
is about 3000 mm, the ultimate anchorage force is close 
to the breaking force of geo-filament.

(2) Influence of geo-filament thickness H on the load–
displacement curve.

The H-P-S curve is shown in Fig. 12. The when thick-
ness of H2 is twice as much as H1, the ultimate anchor-
age force will increase 17.5% but the increase in the 
thickness of the geo-filament does not effectively control 
the displacement of anchorage system. Changing H can 
not obviouly improving anchorage performance.

Because the geometry of the geo-filament is flaky, the 
strength of the soil in the anchorage system is higher 
than that of the grouting material, and the increase of 
the thickness (H) has a certain weakening effect on the 
integrity of the slurry. From the test phenomena, it can 
be concluded that the increasing the thickness of the 
geo-filament has little effect on improving the anchorage 
performance, on the contrary, it will accelerate the slurry 
crash.

(3) Influence of bore diameter D on the load displace-
ment curve

The D-P-S curve is shown in Fig.  13. The increase of 
pore diameter (D) leads to the increase of slurry propor-
tion and radial dry shrinkage of the anchorage system. As 
a result, the radial pressure of the slurry is reduced, the 
bond strength between the geo-filament and the slurry 
interface is weakened. Increasing the pore diameter will 
cause the anchorage system to fail prematurely. In prac-
tical engineering, increasing the pore diameter would 
cause greater damage to the heritage.

(4) Influence of grouting strength S on the load dis-
placement curve.

The S-P-S curve is shown in Fig. 14. The pull-out bear-
ing capacity of the anchor increases by strength grade of 
the grouting material. Due to the increased strength of 
grouting material, the bond strength between the slurry-
rod interface get improved. At the same tensile force, the 
displacement of the S1 and S2 anchorage systems is about 
twice as much as S3’s anchorage system, which indicat-
ing that increasing the strength of the grouting material 
can effectively control the displacement of the anchorage 
systems.

(5) Influence of anchor rod surface state R on the load 
displacement curve.

The R-P-S curve is shown in Fig.  15. The maximum 
anchorage force is 4.33kN for R0 without rib and 7.53 kN 
and 11.06  kN for R100 and R30 with rib. The ultimate 
anchorage force is 73.90% and 155.42% higher than the 
rib-free anchor rod, respectively. When the tensile force 
reaches 3  kN, the displacement of ribbed anchorage 
system is significantly less displaced than the rib-free 
anchorage system. This suggests that changing the sur-
face state of geo-filament can not only effectively improve 
the ultimate anchorage force, but also effectively control 
the displacement.

(6) Influence of anchorage arrangement angle A on 
the load displacement curve.

The A-P-S curve is shown in Fig. 16. When the arrange-
ment angle is 0°, the ultimate pull-out force of the anchor 
is the maximal. As the the arrangement angle increases, 
the ultimate pull-out force of the anchor decreases. 
Because the applied load is horizontal, the larger the 
arrangement angle is, the larger vertical component force 
bears, and the anchor rod cannot give full play to its 
anchorage performance. However, given the the require-
ments of the construction process, it is recommended 
that the arrangement angle of the anchor rod should be 
10°.

Strain distribution ( ξ − L ) characteristics of GF—grouting 
interface
According to the destruction results in the test, the fail-
ure of the geo-filament anchorage system is caused by 
the pull-out of the anchor, due to bond-slip between the 
geo-filament and the slurry interface. The bond-slip sec-
tion is in the red area of the P-S curve (Figs. 11, 12, 13, 14, 
15, 16). The failure of this section is similar to the brittle 
failure. There is no obvious deformation of the anchorage 
system, and the anchor is suddenly pulled out.
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The choice of the anchor force design value N needs to 
take into account two aspects, that is, the reinforcement 
and protection of the ruins cultural relics and the effec-
tive performance of the anchorage system.

According to the load displacement curve, the value N 
is discussed by combination of the test phenomenon and 
the characteristics of strain distribution ( ξ − L ) at geo-
filament-grouting interface. Considering the safety stock 
of anchorage system, the calculation formula of N value 
is shown in Formulas (1) or (2)

Here  Ni represents the extreme value of the deforma-
tion stage of the geo-filament, and the anchorage sys-
tem is in the elastic stage;Nj represents the extreme 
value when the grouting is cracked or pulled out and the 
anchorage system is in the plastic stage;  Nk is the extreme 
value of the geo-filament pull-out stage, and the anchor-
age system is in the bond-slip phase.

(1)N1 = Ni + (Nj − Ni)× 50%

(2)N2 = Nj + (Nk − Nj)× 30%
The specific values of  Ni,  Nj and  Nk are shown in 

Tables 5, 6, 7, 8, 9, 10;  N1 and  N2 values of different test 
batches (L, H, D, S, R and A) can be obtained from For-
mulas (1), (2). The anchor enters the bond stage from 
plastic that is an essential manifestation of the anchor-
age system being about to fail; Therefore, the extreme 
values  Nj when the grouting is cracked or pulled out are 
compared with  N1 and  N2. The sorting out of values are 
shown in Table 11.

Table 11 The N values in different experimental lots

Classification N values (kN)

L L8 L12 L15 L20 L30

N1(kN) 4.65a 5.03a 7.45a 7.18a 7.45a

N2(kN) 7.32 8.67 13.71 14.00 14.69

Nj(kN) 7.45 7.83 12.53 12.05 12.50

H H1 H2 – – –

N1(kN) 5.15a 7.82a – – –

N2(kN) 8.88 12.26 – – –

Nj(kN) 7.90 12.23

D D45 D75 D80 – –

N1(kN) 4.89a 4.42a 2.40 – –

N2(kN) 8.53 7.74 3.97 – –

Nj(kN) 7.57 6.55 0a

S S1 S2 S3 – –

N1(kN) 3.23a 4.82a 5.96a – –

N2(kN) 5.21 8.75 14.78 – –

Nj(kN) 4.17 7.60 14.03

R R0 R100 R30 – –

N1(kN) 2.13 2.20 4.82 – –

N2(kN) 2.79 3.80 8.55 – –

Nj(kN) 0a 0a 7.47

A A0 A10 A15 – –

N1(kN) 4.90a 4.39a 3.44a – –

N2(kN) 8.57 7.45 5.27 – –

Nj(kN) 7.63 6.80 4.80

Fig. 17 The curve of L− ξ − L

Fig. 18 The curve of H − ξ − L

Fig. 19 The curve of D − ξ − L
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According to the data in Table  11, in most cases, 
N1 < Nj. If the anchorage force design value is N1, the 
anchorage performance cannot be fully exploited. 
Therefore, most of the N1 values are treated as inva-
lid values during data processing. The data marked 
with ‘‘*’’ in Table  11 is invalid. The strain distribution 
curve of geo-filament-grouting interface corresponding 
to the valid data in Table  11 are extracted respectively 
(L、H、D、R、S、A), as shown in Figs.  17, 18, 19, 20, 
21, 22.

(1) Design value N of anchorage force based on the 
anchor length L

According to the analysis from Figs.  17, 18, 19, 20, 21, 
22, with the increase of anchorage length (L), grouting 
material strength S, and geo-filament surface roughness 
R, the anchorage performance of geo-filament improves 
markedly; in which the anchorage length (L) has the most 
prominent impact on the performance of anchorage 
system, and the change of anchor length (L) is the most 
common in practical application.

According to Fig.  17, the maximum transmis-
sion depth of the anchorage force of the geo-filament 
anchorage system is about 2.2 m, and the stress in the 
middle section of the anchor varies considerably.

The longer the anchor length is, the more uniform 
the stsress distribution is and the smaller the change 
of adjacent strain is. The stress distribution of the 
anchor in the 800–1200 mm section is significantly dif-
ferent from that in the 1500–2000  mm section. Based 
on the analysis of the anchor failure stage in Table  5if 
the length of the anchor is greater than 2 m, the grout-
ing pull-out destruction mode occurs. Considering 
the possibility of subsequent failure of the reinforced 
earthen ruins, the mode of destruction by filament 
pull-out is more favorable for the complete protection 
of the ruins, on the premise of providing the required 
anchorage force. Therefore, the design value of the 
anchorage depth of the geo-filament anchor should be 
at most 2  m, and the optimal length of the anchorage 
should be between 1.2 m and 1.5 m.

By comparing and analyzing the strain distribution 
curves of each group (L、H、D、R、S、A), it is rea-
sonable to take the anchor length L as the discriminant 
index to determine the calculation formula of anchor-
age force. Considering the safety stock of the anchorage 
system, the researcher gives the formula for calculating 
the value of N in Eq. 3.

(2) Grouting material strength design value

When the destruction of the anchorage system occurs 
between the slurry and the ruins, the anchorage perfor-
mance of the anchor can be fully exploited, which belongs 
to the ideal destruction location. However, such kind of 
destruction will cause damage to the earthen ruins and is 
not conducive to the protection of earthen cultural relics. 

(3)N =

{

N1 0 < L < 1500

N2 1500 ≤ L ≤ 2000

Fig. 20 The curve of S − ξ − L

Fig. 21 The curve of R − ξ − L

Fig. 22 The curve of A− ξ − L
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Therefore, in the design of an anchor, it should be con-
sidered that if the anchorage system is damaged in the 
course of later use, the site of the damage should appear 
between the interface of the slurry and the rod to avoid 
the destruction of the ruins itself.

The load of the geo-filament anchor is mainly trans-
mitted through the bond stress (shear stress) between 
the anchor and the slurry, and the failure form of the 
slurry is a shear failure.

By comparing the stress distribution at the geo-
filament-grouting interface in Figs.  17, 18, 19, 20, 21, 
22 and comparing and analyzing the obtained data, it 
can be concluded that the L/5 section at the anchor 
end bears about 45% of the anchorage force under the 
action of anchorage force design value N. The anchor-
age system’s damage begins with the end grouting’s 
crack. After a certain simplification, it is possible to 
obtain a plot of the stress distribution of the anchorage 
system of the geo-filament anchor under the action of 
anchorage force N, as shown in Fig. 23.

In Fig. 23, α =

πD
2d

 represents the bond stress between 
the L/5 section of the geo-filament end and the grout-
ing interface, and τ1 represents the bond stress between 
the L/5 section grouting of the geo-filament end and 
the ruins soil interface. According to the balance of 
internal and external force τ1 , τ2 can be obtained as:

where d is the width of the geo-filament, and D depicts 
the bore diameter of grouting (Fig. 7). τ1 = πD

2d
τ2 can be 

obtained from Eqs. (4), (5), α =

πD
2d

 is defined as the shear 
stress diffusion coefficient. The relationship of τ1 and τ2 
can be written as:

(4)τ1 =
9N

8dL

(5)τ2 =
9N

4πDL

where we need to satisfy τ2 ≤
τmax
2

n  , and n is the safety fac-
tor. Therefore, the relation between τ1 and τ2 can be fur-
ther written as:

Through comprehensive analysis, it can be concluded 
that the shear strength of the grouting material should 
not be more than αn times that of the soil for the design of 
the geo-filament bolt.

Conclusion and reflection
This paper is a discussion, reflection, and summary of 
the experience of anchoring techniques in reinforc-
ing of the earthen architectural sites. That is more than 
just an introduction to implementing a new type of bolt 
mechanical performance test. It is essential to summarize 
the experience of the engineering field test to reflect on 
the problems in the application and study of the anchor-
ing techniques for the earthen ruins.

The test in this paper was carried out on the Gaochang 
Old City site protection project site. There are no ideal 
indoor test conditions. The processing, drilling, grouting, 
and other procedures of the anchor rod are not simply 
designed to meet the testing effect but also combine the 
convenience and operability of construction. Therefore, 
the obtained test data can reflect the actual situation rela-
tively completely.

Test conclusions
In reinforcing small sliders for earthen architectural sites, 
a GFA has its advantages, including easiness in installa-
tion, due to its relatively small perforation and effective-
ness in deformation control. A GFA employs a full-length 
bonding anchoring mechanism, of which an under-
applied-force simulation reveals a failure process in three 
phases, namely filament deformation (elastic deforma-
tion), slurry cracking (plastic deformation), and Geo-
filament dislodging (adhesive detachment). Its maximum 
anchoring force is primarily determined by the anchorage 
length (L). However, its force transmission mechanism 
and destruction mode could be improved by adjusting its 
grouting material strength (S) and surface roughness (R).). 
The design value of the anchorage force (N) is determined 
by the extreme value of pulling force in each phase of its 
destruction process and L. Approximate 45% of the N is 
supported by the segment, 1/5 of L, near the end of the 
bolt. The stress distribution at the soil-anchor interface 
could thus be simplified as a uniform distribution on the 

(6)τ2=
1

α
τ1

(7)τ1 ≤
α

n
τmax
2

Fig. 23 Interface bond stress distribution diagram of GFA under N 
action
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L/5 end segment and a triangular distribution on the rest. 
The shear strength of the slurry (S) should not exceed α 
times of the shear strength of the reinforced soil.

On the premise of providing the required anchorage 
force, the ‘‘flaky’’ rod can change the destruction mode 
of the traditional anchor. Considering the possibility of 
failure in the life cycle of the reinforced earthen ruins, 
the anchorage system using a ‘‘flaky’’ rod mostly fails in 
the form of filament pullout, which is more conducive to 
the complete protection of ruins, the anchorage depth of 
GFA should not be greater than 2 m, the optimal anchor-
age length should be between 1.2 m and 1.5 m, the num-
ber of filaments should not be greater than one filament, 
and the bore diameter should be between 40 and 50 mm.

Test defects
The test design scheme in this paper also suffers from 
some drawbacks. Adding concrete to the grout mate-
rial does not comply with the concept of earthen ruins 
protection, as the salt in the concrete will subsequently 
promote salt precipitate on the ruins. In the compara-
tive analysis of the test data, it was found that there are 
certain defects in the strain gauge arrangement in the 
length-affected test group. In the L12, L15, L20, and L30 
test groups, the test gauge shall be added; that is, the 
strain gauge shall be placed at 800 mm in L12; the strain 
gauge shall be placed at 800  mm and 1200  mm in L15, 
and so forth to facilitate the comparison and analysis of 
the data results.

Therefore, the characteristics of cultural relics shall be 
fully considered in the testing and theoretical analysis of 
new reinforcement materials and reinforcement technol-
ogies. We must not rush to apply new materials or tech-
nologies to cultural relics protection projects by simply 
setting the quality of reinforced materials and technical 
measures as the standard.

Technology reflection
The original purpose of the test is to test the anchorage 
performance of an anchorage techniques used to rein-
force small sliding masses in earthen ruins. With the 
development of the test, a new understanding of the 
preservation techniques of earthen ruins has been gener-
ated through the analysis of test phenomena and data.

Past studies routinely adopted, from geotechnical engi-
neering, anchoring theories and testing methods which 
were ill-suited to solving the peculiar problems encoun-
tered in earthen site protection. To challenge this trend, 
this paper puts forward a new design calculation method 
and design concept for the anchor bolt of the earthen 
ruins through the corresponding analysis of the test phe-
nomenon and test data, combined with the protection 

characteristics of the earthen ruins and the concept of 
cultural relic protection.

This paper raises the question of small and medium-
sized slip bodies protecting earthen sites. The author 
holds that all the stability problems to be solved in the 
protection of the earthen ruins should belong to solving 
the stability of small-scale slip bodies.

Structural reinforcement of earthen ruins requires first 
understanding the mechanisms of their structural insta-
bility to develop a scientific reinforcement plan, rather 
than the anchor rod design work currently done only for 
reinforcement. Due to the complex factors affecting the 
instability mechanism of earthen sites, it is necessary to 
study the instability mechanism from multiple perspec-
tives and adopt more comprehensive analysis methods to 
achieve scientific assessment and analysis [25–27].

The protection of earthen sites has its particularity, 
which is not that the stronger the reinforcement meas-
ures are, the better the effect is. The mechanical charac-
teristics of cultural relics shall be considered to predict 
the possibility of damage in the life cycle of cultural rel-
ics. The anchorage calculation theory shall not copy the 
existing theories in the field of geotechnical engineer-
ing. It shall start from the characteristics of earthen ruins 
protection to form its design concept and calculation 
method.
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