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Abstract

Slope failures frequently occur during rainfall, earthquakes, and long-term weathering,
and reinforcing bar insertion is widely used worldwide to prevent such failures. In this
method, steel bars are installed in pre-drilled holes and bonded to the ground with grout,
with a pressure plate resisting deformation; however, tensile forces generated during
slope movement may crack the hardened grout and reduce performance. To address
this issue, we propose an Early-stage Prestressed Reinforcing Bar Insertion Method, in
which tensile load is applied to the bar before grout hardening. Grout is injected while
maintaining tension, allowing the bar to remain prestressed after construction and inducing
compressive stress in the grout, which is expected to improve resistance against tensile
loading. A field construction test and numerical finite-element analysis were conducted
to verify performance. The test confirmed constructability within half a day and retained
tensile force of 42 kN after 30 days. The numerical model reproduced measured axial
forces and indicated that the hardened grout remained in compression, with an average
compressive stress of 3680 kN/m2. These results demonstrate that prestressing can enhance
grout tensile resistance. The method shows promise for future application and potential
extension to similar anchoring systems.

Keywords: early-stage prestressed; reinforcing bar insertion method; field construction test;
finite element method; slope stability; hardened grout body; compressive force distribution

1. Introduction
Numerous slope failures of natural and cut slopes have been reported as a result

of frequent earthquakes and heavy rainfall events in the world [1–15]. Among various
countermeasures applied to rock-based slopes, the reinforcing bar insertion method is one
of the most common techniques. In this method, a steel bar is inserted into a pre-drilled
hole, grouted to integrate it with the surrounding ground, and fitted with a pressure plate
at the bar head to stabilize the slope. Because the construction technique has been well
established, it has been widely applied and is considered to provide sufficient stabilization
performance [16–25]. A mixture of general-purpose cement and admixture is used for the
grout, and it takes approximately 10 h to solidify. Since the reinforcing bar initially carries
almost no axial force immediately after construction and develops tensile force only when
the slope begins to move, it cannot restrain the small initial deformation.

A construction method similar to the reinforcing bar insertion method is the rockbolt
method. For rockbolts, it is common practice to apply tension after installation, and
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numerous studies have investigated this approach [26–35]. Rashedi, M. M. reported that
pre-tensioned rockbolts enhance confinement of bedding rock layers, activate friction
before sliding, and reduce displacement more effectively than passive bolts. This study
analytically evaluates bolt contribution at discontinuities, considering joint roughness,
bolt inclination, pre-tension, and rock strength, and concludes that pre-tensioned bolts
are especially effective when the surrounding rock or grout is strong [34]. Ranjbarnia, M.
reported that pre-tensioning increases confinement and shear resistance prior to sliding. A
simplified analytical model incorporating axial and shear force development is presented,
along with a 3D numerical analysis for plastic behavior. The findings show that pre-
tensioning and joint roughness significantly improve sliding resistance, particularly in
high-strength rock slopes [35].

If tensile load could also be applied to the reinforcing bars after construction in
reinforcing bar insertion works, as in the case of rockbolts, the pressure plate would press
against the slope, which could contribute to suppressing the initial displacement. However,
there are few studies or construction cases in which the load is applied after installation.
NCHRP Report 701 reported that reinforcing bar insertion works are generally passive and
not post-tensioned; there have been a few special cases in which light tension was applied
to the upper nails to control deformation [36]. In the case of reinforcing bar insertion
works, applying load after construction may cause damage to the hardened grout near the
bar head.

Therefore, this study proposes the “Early-stage Prestressed Reinforcing Bar Insertion
Work,” which aims to introduce tensile force into the bar without causing damage to the
hardened grout. This method involves continuously applying tensile load to the reinforcing
bar during the period in which the grout is injected and allowed to harden. It is an original
technique proposed and only one prior study exists on a similar concept by the authors [37].
This approach prevents a concentrated load from acting locally on the head of the hardened
grout. In addition, as a reaction to the tensile load applied to the bar, a compressive load acts
on the grout. When large deformations occur in the slope due to events such as earthquakes
or heavy rainfall, significant tensile loads may act on the grout; however, in this method,
the grout remains in a compressed state at the initial stage, providing enhanced resistance
against tensile loading.

A research flowchart in this paper is shown in Figure 1. The methodology, including
the structure and construction procedure of the proposed method, is described in Section 2.
A field construction test of the proposed method was carried out on an actual slope in
Section 3. Furthermore, to examine the mechanical behavior observed during the test,
a numerical back-analysis using the finite element method was conducted based on the
measured data in Section 4. Finally, the findings and future challenges are summarized
and discussed in Section 5.
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Figure 1. Research flowchart.

2. Materials and Methods
The reinforcing material and construction procedure used in “Early-stage prestressed

reinforcing bar insertion method” are illustrated in Figure 2.

Figure 2. Procedure of the Early-stage Prestressed Reinforcing Bar Insertion Method. (a) Insert the
steel bar and allow the first-stage grouted zone to harden. (b) While tensioning the steel bar, allow
the second-stage grouted zone to harden. (c) Fix the pressure plate and remove the jack.
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Similar to the conventional reinforcing bar insertion method, a steel bar is first inserted
into a pre-drilled hole, and the tip portion is bonded to the ground by primary grout
injection. After the tip grout has hardened, a tensile force is applied to the steel bar using a
jack, while the remaining portion around the bar is grouted and bonded to the surrounding
ground by secondary injection. Once the surrounding grout has hardened, the bar head is
connected to the pressure plate, and the jack load is released to complete the construction.
In this method, it is desirable for the grout to harden rapidly because the reinforcing bar
must be kept under tension until the grout has fully solidified. Therefore, a fast-setting
grout material (i.e., super rapid-hardening mortar) is used instead of ordinary grout.

At this stage, the reinforcing bar retains an elastic compressive force, which not only
restrains the ground surface through the pressure plate but also induces a compressive state
in the hardened grout body. During subsequent slope deformation, tensile loads act on both
the steel bar and the hardened grout due to the movement of the pressure plate. Because the
grout body is initially under compression due to prestress, it is expected to exhibit higher
strength against tensile loading. If this method can be fully established, technological
expansion to similar techniques—such as anchor works—can also be expected.

3. Construction Test
The field construction test was conducted on a natural slope located in Sanda City,

Hyogo Prefecture, Japan. The testing period was one month, from July 1 to July 31.

3.1. Test Conditions
3.1.1. Climatic Conditions

The maximum and minimum temperatures and the daily precipitation during the
testing period are shown in Figure 3. As it was midsummer, the daytime maximum
temperature was approximately 35 ◦C, while the minimum was about 24 ◦C. Around July 8
and July 17, the precipitation increased due to the approach of a typhoon.
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Figure 3. Climatic conditions.

3.1.2. Ground Conditions

A cross-section and a soil profile of the test ground are shown in Figure 4. The slope
inclination is 35◦. The surface layer consists of sandy clay with N-values ranging from
2 to 13. Taking the test location as the reference point, the soil at depths of 1 to 3 m is sandy
soil with N-values between 13 and 50, while the layer below a depth of 2.95 m is gravel
rock with N-values exceeding 50. The groundwater table is located at a depth of −2.08 m.
The reinforcing bar, which consists of a steel bar, grout and pressure plate, was installed
approximately perpendicular to the slope surface under these ground conditions.
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Figure 4. Soil profile of the test ground.

3.1.3. Reinforcing Bar Material

The materials used in the reinforcing bar—namely the steel bar, grout, and pres-
sure plate—are described below. The steel bar employed was an AG Non-Slip EP bar
(Figure 5a) [38–41], with a length of 5 m and a diameter of 19 mm. This bar is a deformed
steel bar (SD345) coated with a high-adhesion type epoxy resin for corrosion protection.
The grout injected into the borehole consisted of ultra-rapid-hardening cement (Haitascon
Cement) with a water–cement ratio of 30%, to which 1.3% of SikaCem admixture was
added. Preliminary tests in air confirmed that solidification was completed in approxi-
mately 3 h. Unconfined compression tests were conducted on a total of 14 specimens, and
compressive strengths ranging from 18,000 to 25,000 kN/m2 were obtained. However, since
these experiments were conducted in air, further investigation is required to understand
the properties of the hardened grout body in the ground. A steel pressure plate measuring
400 mm × 400 mm × 20 mm in thickness was used (Figure 5b). Three holes were provided
at the center of the plate: one for the steel bar to pass through and be fastened with a nut,
and two for the injection pipes to pass through during grout placement.

 
(a) 

 
(b) 

Figure 5. Reinforcing bar material. (a) Steel bar. (b) Pressure plate.
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3.1.4. Test Procedure

A drilling machine (SD-type) was installed on the slope, and a borehole with a diameter
of 65 mm was excavated. The steel bar was then inserted into the hole, followed by grout
injection into the primary grouting section, as shown in Figure 2a. During grout injection,
the flow rate and pressure were controlled using a flow management meter at intervals of
1 L for flow rate and 10 kPa for pressure.

Approximately 3 h after the injection, when the grout was presumed to have hardened,
the process of applying tensile force to the steel bar was initiated. First, a reaction frame
was then constructed above the pressure plate, and a tensile force of approximately 42 kN
was applied to the bar head using a hydraulic jack while maintaining the grip on the bar
(Figure 6a).

 
(a) 

 
(b) 

Figure 6. Construction situation, (a) Tensile loading using a jack, (b) After construction.

Subsequently, grout was injected into the secondary grouting section, as shown in
Figure 2b. About 3 h after the secondary injection, the grout was judged to have hardened.
A ram chair was used to secure a space between the hydraulic jack and the pressure plate,
after which the steel bar and the pressure plate were manually fastened with bolts. Finally,
the hydraulic jack and the reaction frame were removed to complete the construction
(Figure 6b).

Strain gauges were attached along the bar at distances of 0.5 m (Point A), 1.1 m
(Point B), 1.75 m (Point C), and 3.0 m (Point D) from the bar head. Measurements were
continuously recorded during construction and for 30 days thereafter.
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3.2. Test Results

The measurement results of the tensile load applied by the hydraulic jack and the axial
strains generated in the steel bar are shown in Figure 7. Figure 7a,b present the results for
the short term (1 day) and long term (30 days) measurements, respectively.

 
(a) 

(b) 

Figure 7. Axial strain and tensile load of the steel bar, (a) Short term (1 day), (b) Long term (30 days).

As shown in Figure 7a, the strain increased with the start of tensioning and reached
approximately 700–800 µ. This value was in good agreement with the calculated strain of
about 750 µ, which was estimated from the applied tensile load by the jack. During grout
injection under a maintained tensile load, no significant change in strain was observed,
indicating that the reinforcing bar remained stably prestressed. Although the hydraulic
jack was removed at approximately t = 2 h after measurement started, no marked change
in strain was observed at Points B–D. The reinforcing bar maintained its tensile state
for 24 h, allowing the method to perform as intended. In contrast, the strain at Point A
decreased by about 300 µ. This behavior will be examined in the next chapter through
numerical analysis.

Afterward, the strains remained nearly constant up to t = 24 h. A slight decrease
in strain was observed around t = 18 h, which is presumed to have been caused by the
construction of another reinforcing bar insertion 2 m away. When the measurements were
continued up to t = 30 days, Figure 7b shows that the strains at Points A–D gradually
decreased over time by 5% to 15%. Small daily fluctuations were also observed, which
are considered to result from temperature variations between day and night. Around
t = 16 days, the strain temporarily increased, likely due to changes in ground conditions
caused by rainfall, as shown in Figure 3. Measurements were discontinued after t = 30 days,
and it remains unclear whether the strain would continue to decrease or converge to a
constant value thereafter. This issue is also examined in the following chapter through
numerical analysis.
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In this test, only one specimen was used and strain was measured at only four points;
therefore, it will be necessary to increase the number of specimens and measurement points
in future tests to improve the reliability.

4. Numerical Analysis
To reproduce the conditions of the construction test and to investigate the mecha-

nism in greater detail, a back-analysis of the construction test was conducted using the
3-dimensional finite element analysis tool “PLAXIS 3D” version 2024.3.

4.1. Analytical Conditions
4.1.1. Model

The analytical model together with the coordinate system is shown in Figure 8. The
model dimensions are 12 m in the x-direction, 2 m in the y-direction, and 12.1 m in the
z-direction. The model consists of 19,509 nodes and 13,005 elements, using a tetrahedral
finite element mesh. It was assumed that the reinforcing methods are arranged at 2 m
intervals in the y-direction, and the center of the modeled reinforcing element was placed
at y = 1 m. Regarding the boundary conditions, as shown in Figure 8, the bottom boundary
was fixed in the x, y, and z directions, the side boundaries in the x-direction were fixed
against x-direction displacement, and the side boundaries in the y-direction were fixed
against y-direction displacement. Groundwater level was set at 2.08 m below the reinforcing
bar head, and the soil above this level was modeled as unsaturated, while the soil below it
was modeled as saturated.

Figure 8. Analytical model (Unit: m).

Based on the soil profile obtained from the standard penetration test, the ground was
divided into three layers from top to bottom: a clayey sand layer, a sand layer, and a gravel
rock layer, as illustrated in Figure 8. These soil layers were modeled as elastic–perfectly
plastic materials, and their physical parameters are listed in Table 1. The unit weight was
set to typical values, while the Young’s modulus, cohesion, and internal friction angle were
estimated from the N-values referring to Ameratunga, J. et al. [42]. These values are only
estimates and have a wide possible range; therefore, material property tests will be required
to improve the accuracy of the analysis. Only the Young’s modulus, cohesion, and internal
friction angle of the surface clayey sand layer were obtained from a direct shear test.
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Table 1. Soil parameters.

Clayey Sand Layer Sand Layer Gravel Rock Layer

Young’s modulus (kN/m2) 2.0 × 104 3.0 × 104 5.0 × 105

Poisson’s ratio 0.33 0.33 0.33

Unit weight per volume (Unsaturated) (kN/m3) 15.0 17.0 18.0

Unit weight per volume (Saturated) (kN/m3) 18.0 19.0 20.0

Cohesion (kN/m2) 19.4 5.0 2.0 × 104

Inner friction angle (degree) 37.4 40.0 0.0

Interface shear stiffness (kN/m) 1.0 × 103 1.0 × 104 1.0 × 105

Normal stiffness of the interface (kN/m) 1.0 × 103 1.0 × 104 1.0 × 105

The material parameters of the reinforcing components are summarized in Table 2.
The steel bar and the pressure plate were modeled as elastic materials without yielding,
whereas the improved ground around the grout was modeled as an elastic–perfectly plastic
material. Only the simple model was applied, and thus issues remain regarding the validity
of the modeling.

Table 2. Reinforcing material parameters.

Steel Bar Hardened Grout Body Pressure Plate

Young’s modulus (kN/m2) 2.0 × 108 8.0 × 106 2.0 × 108

Poisson’s ratio 0.33 0.33 0.33

Unit weight per volume (kN/m3) 78 23 78

Cohesion (kN/m2) - 2.0 × 104 -

Inner friction angle (degree) - 5 -

Diameter of thickness (mm) 19 65 20

Interface shear stiffness (kN/m) - 1.0 × 106 -

Normal stiffness of the interface (kN/m) - 1.0 × 106 -

The steel bar was represented by embedded beam elements, which interact with the
surrounding improved ground through interface springs that transmit normal and shear
forces along the interface. The mechanical properties of the improved ground were set to
typical values for concrete, and the tensile strength was assumed to be one-fifteenth of the
compressive strength. The pressure plate was modeled using plate elements, and normal
and shear interactions with the surrounding ground were represented through interface
elements placed on its surfaces. The dimensions of these reinforcing components were the
same as those described in the previous chapter.

4.1.2. Numerical Procedure

The analysis was carried out in the following six steps:
Step 1: Calculate the initial stress state with only the steel bar installed.
Step 2: Replace the material properties of the ground in the primary grouting section

with those of the improved ground.
Step 3: Apply a tensile force of 42 kN to the head of the steel bar.
Step 4: Replace the material properties of the ground in the secondary grouting section

with those of the improved ground.
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Step 5: Install the pressure plate and rigidly connect its center to the steel bar.
Step 6: Release the tensile force applied to the head of the steel bar.

4.1.3. Cases

Four analysis cases were conducted. Case 1 was defined as the basic condition, and
Cases 2 to 4 were performed to further investigate the influence of various factors.

Case 1: Same as the condition described above. This is a back-analysis of the construc-
tion test.

Case 2: To improve the accuracy of the analysis, the elastic modulus of the improved
ground within the clayey sand layer was reduced to one-twentieth of that used in Case 1.

Case 3: No tensile force was applied (Step 3 was omitted). This corresponds to the
conventional, commonly used rein-forcing bar insertion method.

Case 4: The order of the analysis steps was changed so that the tensile force was applied
after the secondary grout injection (Steps 3 and 4 were interchanged). As described in
Chapter 1, this assumes that a tensile load is applied to the reinforcing bar after construction
is completed.

4.2. Analytical Result
4.2.1. Axial Force in Steel Bar

The axial forces of the steel bar for Cases 1 and 2 are shown in Figure 9. Figure 9a,b
show the loading condition (Step 5) and unloading condition (Step 6), respectively, together
with the field measurements. The axial forces in the construction test were calculated from
the measured axial strains, with the tensile direction taken as positive. For Figure 9a, the
measured and numerical results at Point A (the nearest to the ground surface) were almost
identical. At Points B to D, the difference between the measured and calculated values
was within approximately 10–20%, showing good overall agreement. For Figure 9b, the
measured values at t = 30 days were used for comparison. Although the results at Points B
to D showed good agreement between the measurements and Case 1, the measured value
at Point A was significantly smaller, resulting in a noticeable discrepancy. Considering the
possibility that the grout near Point A had not sufficiently hardened during the field test,
an analysis (Case 2) was also conducted, in which the elastic modulus of the improved
ground in the clayey sand layer (0.74 m in length) was reduced to one-twentieth of the
original value. This modification resulted in good agreement between the measured and
numerical results at Point A, while also maintaining reasonable agreement at Points B to D.
The unusually small measured strain at Point A could also be attributed to other factors,
such as the relatively low stiffness of the clayey sand layer or insufficient fixation between
the pressure plate and the steel bar. Nevertheless, the numerical analysis suggests that
insufficient grout hardening may have been one of the contributing causes. Moreover, the
analysis result of Step 6 converged to a stable state as a structural system, and the measured
data were generally consistent with this converged result. Therefore, it is inferred that the
measured values at t = 30 days were close to the stabilized condition.

The axial forces of the steel bar for Cases 3 and 4 are shown in Figure 10a,b, respectively.
For Figure 10a, it is evident that when no tensile load is applied, the axial force in the
reinforcing bar becomes very small. This confirms that, in conventional reinforcing-bar
insertion methods, no tensile load is mobilized in the bar. For Figure 10b, when a tensile
load is applied after grout hardening, a certain level of tensile force is generated in the
bar; however, it remains approximately more than 50% smaller than that achieved by the
proposed method. These results indicate that the proposed method enables tensile load to
be efficiently introduced and maintained in the reinforcing bar.
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Figure 9. Analytical result of axial forces in the steel bar for Cases 1 and 2, (a) Step-5: Loading,
(b) Step-6: Unloading.
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Figure 10. Analytical result of axial forces in the steel bar for Cases 3 and 4, (a) Case 3, (b) Case 4.

From these results, it was confirmed that the residual tensile force in the Early-stage
prestressed reinforcing bar insertion method can be quantitatively evaluated using the
finite element method.

4.2.2. Axial Stress in the Hardened Grout Body

Figure 11 shows the longitudinal axial stress contours of the hardened grout body
after the release of tensile load for Cases 1–4. The blue color indicates a compressive state.
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Table 3 shows the average compressive stress of the hardened grout and the apparent
increase ratio of tensile resistance.

  
(a) (b) (c) 

 

 

 

 

(d)   

[×103 kN/m2] 

Figure 11. Axial stress contour of the hardened grout body, (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4.

Table 3. Summary of the analysis results for the hardened grout.

Case Case 1 Case 2 Case 3 Case 4

Proposal method Conventional method
Loading during grout hardening No loading Loading after grout hardening

Average compressive
stress of the hardened

grout (kN/m2)
3989 3680 66 2015

Apparent strength
increase ratio of the

hardened grout
199% 184% 3% 101%

In Case 1, the hardened grout is in a state of compression, with particularly high
compressive stresses developing in the vicinity of the head. Under the present analysis
conditions, assuming that the tensile strength of the hardened grout is one-tenth of its
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compressive strength, it is estimated to be approximately 2000 kN/m2; the apparent load-
bearing capacity increases by approximately 199% on average. In Case 2, although the
compressive stress near the bar head is relatively small, the hardened grout is generally in
a compressive state. Based on the previously discussed axial force results of the reinforcing
bar, Case 2 is considered to most closely represent the field construction conditions. In the
hardened grout body, an apparent tensile resistance increase of approximately 184% was
observed. In Case 3, since no compressive prestress was applied, almost no stress developed
in the hardened grout body. In Case 4, an average compressive stress of 2015 kN/m2 was
generated. This value is 50% and 45% lower than those in Case 1 and Case 2, respectively.

These results indicate that in the early-stage prestressed reinforcing bar insertion
method, the hardened grout body can be placed under a higher compressive state, which
is expected to enhance its strength against tensile loading induced by slope deformation.
Although further improvement in the strength of the hardened grout body may be expected
by increasing the applied tensile load, excessive loading could cause damage to both the
reinforcing bar and the grout body. Therefore, it is considered that the apparent increase
in tensile resistance should reasonably be limited to approximately 199%, as indicated
previously. It should be noted that this represents the average value for the entire hardened
grout body, and excluding the lower portion, an improvement in strength of more than
199% can be expected.

4.2.3. Evaluation of the Present Analysis in Light of Previous Studies

In the present analysis, a simplified modelling approach was adopted in which the
ground and hardened grout were represented by the Mohr–Coulomb model, while the
reinforcing bars and bearing plates were assumed to behave elastically. However, Habtamu
Kefyalew Molla et al. have demonstrated that axial force predictions can vary substan-
tially depending on the choice of soil constitutive model (e.g., Mohr–Coulomb versus
Hardening Soil). This suggests that, also in the present study, further refinement of the
constitutive modelling for the ground and the hardened grout is necessary to improve
analytical accuracy [43].

The slope investigated in this study has an inclination of 35◦, at which it remains stable;
consequently, the installation of reinforcing bars (soil nails) does not induce any ground
deformation. Therefore, the initial concept of suppressing early-stage slope displacement
could not be examined in this study. For example, M. Zhang et al. conducted a deformation
analysis using three-dimensional FEM by applying external loads to the slope. In the
future, similar deformation-based investigations will be required for the proposed method
presented in this study [44].

5. Conclusions
A field construction test and numerical analysis (finite element analysis using PLAXIS

3D) were conducted for the early-stage prestressed reinforcing bar insertion method, in
which a tensile force is applied to the steel bar before grout hardening. The main findings
obtained from this study are summarized as follows:

(1) The field construction test confirmed that the entire construction procedure—
including the two-stage grout injection and loading/unloading using a hydraulic jack—can
be successfully carried out, and that the early-stage prestressed reinforcement bar insertion
method can be installed within approximately half a day. Furthermore, it was verified that
the tensile force in the steel bar did not disappear for 30 days after unloading the jack load
at the bar head.

(2) The numerical analysis successfully reproduced the measured axial forces in the
steel bar during tensile loading. After unloading, the analysis also reproduced the measured
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axial forces with reasonable accuracy. Although a discrepancy was observed near the
ground surface, assuming insufficient grout hardening and reducing the stiffness of the
improved ground significantly improved the accuracy of the reproduced results.

(3) The field measurements were continued for 30 days, and the long-term change
in the tensile force of the bar beyond this period remains unknown. However, since the
numerical results converged to a stable structural state and were in good agreement with
the measured data, it is considered that the measured values at 30 days were close to the
converged state.

(4) The numerical analysis showed that the hardened grout remained in a compressive
state even after the tensile load at the bar head was released. When slope deformation
occurs, tensile forces act on both the reinforcing bar and the hardened grout due to the
movement of the pressure plate; however, by applying the proposed method, compressive
pre-stress is introduced into the hardened grout, and its resistance to tensile loading is
expected to improve by approximately 10%. Although increasing the prestressing load
may lead to further improvement in strength, possible damage to the reinforcing bar and
the grout must also be considered.

(5) The field construction test was limited to a 30-day measurement period, and the
converged value of the axial force could not be confirmed. For future studies, long-term
monitoring will be necessary to evaluate the time-dependent behavior of axial force, as
well as the long-term performance of the reinforcing system, including steel corrosion and
grout deterioration.
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