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Physical and 3D numerical 
modelling of reinforcements 
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Alejandro Josa 1

This paper reports results of laboratory and 3D numerical modeled pull-out tests with steel ladders 
and polymeric strip reinforcements. These types of reinforcement are commonly used in reinforced soil 
walls constructed with concrete facing elements. Laboratory pull-out tests are required to determine 
accurate and realistic pull-out strength values considering the interaction of specific reinforcement 
and backfill materials under different confining pressures (i.e., trying to simulate the different 
reinforcement layer arrangements and load conditions in actual reinforced soil walls). International 
design Codes for reinforced soil walls provide default values for pull-out strength. However, in many 
cases, default values are too conservative and/or are not strictly specified for particular reinforcement 
types. Pull-out tests can be difficult and expensive to perform, thus not being common nor worth for 
the vast majority of reinforced soil wall projects. Consequently, calibrated numerical models can be 
useful to predict pull-out response under site-specific conditions, and provide further understanding 
of the mechanisms involved in the soil-reinforcement interaction. Details of the numerical approach, 
including relevant aspects of the soil-reinforcement interfaces, are described. Examples of calibrated 
numerical predictions for pull-out loads, displacements, and soil-dilatancy effects are presented. The 
influence of reinforcement, soil and interface stiffnesses is shown. Numerical results provide useful 
insight for future modelling works of the complex interaction between type-specific backfill materials 
and reinforcement element, relevant for investigation and/or practical design of reinforced soil walls.

Keywords 3D modelling, Soil-reinforcement interaction, Pullout tests, Finite element modelling, Reinforced 
soil walls, Polymeric strip reinforcement, Steel ladder reinforcement

Design of reinforced soil walls (RSWs) typically considers working stress conditions (i.e., far away from failure), 
meaning strains are not enough to fully develop the soil-reinforcement interface strength, even for extensible 
reinforcements, in which maximum strains are not expected to surpass a 1%  threshold1. Accurate designing of 
RSWs requires a proper characterization of the interface shear behaviour between the embedded reinforcement 
elements and surrounding soil material. Pullout tests are particularly useful to study the shear response between 
soil and reinforcement materials, allowing to quantify interface strength and stiffness parameters required for 
an optimized reinforcement design while ensuring safety conditions.

Ample research of pullout test data for steel and polymeric reinforcements with varied geometries (i.e., lad-
ders, grids, mats, strips, among others) is available in the literature. Pullout failure can be troublesome depend-
ing on the reinforcement geometry and surcharge  conditions2 as well as backfill material  characteristics3–5. The 
pullout response between metallic and polymeric reinforcement has proven to be drastically  different6. Metallic 
(i.e. inextensible) reinforcement presents an instantaneous stress–strain response throughout the material, while 
in polymeric (i.e., extensible) reinforcement, the stress-stress response is gradual and varies from the head to 
rear. Latest research still includes experimental work (e.g., Gergiou et al.7), as well as a special focus on model 
accuracy and reliability assessments of current design methods (e.g.,8–12), where it has been stated that the pullout 
limit state can have practical variations depending on the chosen load model.

Numerical methods have been used to replicate the pullout behaviour in reinforced soil structures, either by 
discrete element (e.g.,13,14) or finite element (e.g.,15,16) methods. Reported results have shownproper adjustments 
between simulated and measured values, providing evidence of the accuracy of numerical tools.
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The present study focuses, first, in laboratory measured data from pullout tests using steel ladder and poly-
meric strip reinforcements following the requirements of ASTM D6706-0117 and EN  1373818 and lessons learned 
from previous cases in the literature (e.g.,19,20, among others). Measured results were compared with past meas-
ured and theorical data available in the literature as well as international codes. Second, a 3D finite element model 
was implemented to simulate and analyze pullout response. A base case was defined with typical properties 
considering frequently used backfill soils in RSWs. Sensitivity analyses were carried out over model parameters, 
followed by a calibration process which took into account the measured steel ladder and polymeric strip pullout 
test data.

Pullout resistance
The stress-transfer mechanism of soil-reinforcement pullout interactions depend on reinforcement type and 
configuration, soil properties, and applied stress. For strips and sheet reinforcement, the pullout resistance is 
equal to the frictional shear stresses over the whole contact area between soil and reinforcement. For bar-mat, 
ladder, grid, or ribbed strip reinforcements, a complementary passive strength or bearing resistance is developed 
due to the transversal member surfaces, in which dilatancy, reinforcement roughness and soil stress state come 
into  play21. The pullout resistance  (Pr) can be expressed as follows (Eq. 1):

Here, f ’ is the friction interaction factor between the soil and the reinforcement, C is the overall reinforce-
ment surface area geometry factor (i.e., equal to 2 for strips and ladder as in two contact faced-reinforcement 
configuration systems), w is the width of the reinforcement, and L′

e is the effective reinforcement length in the 
resisting zone.

The friction interaction factor  f ’ will vary depending on the refenced code. In the case of  AASHTO22, a scale 
effect correction factor (α), and a pullout friction factor  (F*) are proposed. Factor α is assume to be 1 for inex-
tensible reinforcement, and less than 1 for extensible reinforcements. Factor  F* is a reduction of soil strength 
via an interaction coefficient,  Ri, and the soil friction angle, ϕ (Eq. 2). For geosynthetic materials (i.e., geogrids, 
geotextiles, and geostrips),  Ri has a proposed value of 0.6722. In the case of polymeric strips, values of  Ri = 0.8 can 
be conservatively assumed in the absence of test  data23,24. By means of statistical analysis, Miyata et al.12 showed 
that the accuracy of linear pullout models for polymeric strips will depend on the magnitude of predicted pullout 
capacity and vertical stress acting over the reinforcement, which is generally not desired in design methodologies. 
For bar-mat or steel ladders, the value of F* can be obtained as a relationship between thickness of the transversal 
bar members, t, and separation between transversal bar members,  St, as follows (Eq. 3):

Here,  nq is a bearing capacity factor that varies linearly with depth from  nq = 20 at surface level (z = 0) to  nq = 10 
at depths of 6 m or more. Values of  nq mean F* will be a linearly decreasing function from 0 to 6 m of depth, and 
constant for greater depths. Pullout models based on grid geometry and containing empirical parameters have 
shown to perform better than purely theoretical bearing capacity and soil friction angle  models1,25

In the case of NF P 94-27026, f´ is related to an apparent soil-reinforcement interaction coefficient, μ*
(z), which 

varies with soil gradation, transversal bar diameter and separation for steel ladders, and soil gradation and soil 
friction angle ϕ for polymeric strips. As with  F* (from  AASHTO22, the value of μ*

(z) decreases linearly until 6 m 
of depth, after which it remains constant.

Figure 1 compares the values of f´ obtained through  AASHTO22 and  NF26 guidelines. For steel ladder rein-
forcements (Fig. 1a), a transversal bar separation of 300 mm with 10 mm-diameter bars is assumed. For polymeric 
strips (Fig. 1b) a soil friction angle ϕ  = 36° and a coefficient of uniformity  Cu > 2 is assumed. Clear variations 
between design codes evidence the need for laboratory pullout tests to obtain valuable data concerning the 
combined response of project specific type of reinforcement, loading conditions, and fill material characteristics.

If required, using on Eq. (1) and  AASHTO22 guidelines, a simple modification can be carried out to incor-
porate cohesion in the pullout resistance using a frictional  (f ’) and cohesion  (fc

’) friction interaction factors, as 
follows (Eq. 4):

Here,  ci is the soil-reinforcement interface cohesion, understood as soil-reinforcement adherence, reduced 
from the fill-soil cohesion using the frictional interaction coefficient (i.e.,  Ri).

Model test
Test apparatus and methodology
Test were carried out using a rigid steel box with an upper opening for material manipulation and to apply 
vertical loads (see Fig. 2). The pullout box dimensions are 1250 mm-length, 500 mm-width, and 550–750 mm-
high. The chosen dimensions allow for minimum embedment length, minimum top and bottom soil depth, and 
enough distance to the lateral boundaries, as recommended by ASTM D6706-117 and BS EN  1373818. The front 
side includes an opening and metal sleeve through which reinforcements are connected to clamps and pulling 
mechanism. The sleeve opening is 200 mm-wide and 40 mm-high, and goes 250 mm into the pullout box to 
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avoid the influence of boundary conditions. The rear side includes openings to measure relative displacements 
or fix the end of the reinforcements as needed. All openings are located at the middle of the box height, in the 
same horizontal level. The test box includes two out-front arms over which the pulling jack sits and acts as a 
reaction to the pullout force.

Prior to filling the test box, all sides were cleaned, lubricated, and covered with plastic films to reduce lateral 
friction effects and fill adhesion. Soil was placed uniformly in layers of approximately 150 mm and compacted 
using a plate compactor. Unit weight of ≥ 95% of the modified proctor test results was ensured by means of den-
sitometer measurements. After each pullout tests all of the soil above the reinforcement specimen, plus 5–10 cm 
of soil below the reinforcement specimen layer was carefully removed and replaced.

Figure 1.  Friction-interaction factor  (f ’) according to  AASHTO22 and  NF26 codes adapted to (a) steel strips 
and (b) polymeric reinforcements under backfill soil types 1 (draining) and 2 (granular). In steel ladder case 
transversal bar thickness and separation assumed as 10 and 300 mm, respectively; backfill friction angle 
assumed as 36° with soil Cu > 2 for polymeric strip case.

Figure 2.  Pullout test box setup and main components.
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Vertical loads were applied using a pushing jack device over a loading plate, achieving proper stress distribu-
tions by placing a pneumatic bag over the compacted soil. Loads scenarios were include equivalent depths ranging 
from 0.370 to 10 m (considering considered the overburden pressure and the self-weight of the fill material). 
Vertical loads were measured constantly throughout each test.

Pullout tests were carried out with an axial constant rate of displacement of 1 mm/min using a calibrated 
jack pump. Reinforcements were connected using clamps that prevent any slipping or relative displacements 
and allow for a uniform load transmission. A metal sleeve in the frontal opening ensures no load transfer to the 
reinforcement at the boundary zone.

Displacements were measured at the front and back of reinforcements using transducer devices with 0.01 mm-
accuracy. Measurements were taken every 0.2 mm of displacements or 6 s intervals of time. If no failure occurred, 
tests were carried out until displacements of 20 mm for steel ladders, and 15 mm polymeric strips (measured at 
the tail of the specimen).

Test materials
Tested reinforcements included steel ladders and polymeric strips. Ladders had widths of 160–170 mm with 8 
or 12 mm-thick transversal bars, spaced 150- or 300-mm. Strips are composed of high tenacity polyester (PET) 
fibers bundled in a polyethylene sheath. PET strips with an ultimate tensile strength of 30 and 70 kN were tested 
using a linear configuration (i.e., parallel to the pullout direction). In all cases, a minimum separation of 100 mm 
from the reinforcement and the sidewalls was ensured.

As per AASHTO22, soil gradation shall not be gap-graded and satisfy a well-graded classification based on 
ASTM  D248727, meaning, a coefficient of uniformity  (Cu =  D60/D10) greater than 6 for a sandy soil (SW) and 
greater than 4 for a well graded gravel (GW). The coefficient of curvature  (Cc =  (D30

2)/(D60  D10)) must take values 
from 1 to 3. Plasticity index (PI) must be equal or below 6. Proper fill-soil can be classified as draining (Type 1), 
granular (Type 2), and intermediate (Type 3), depending on gradation and plasticity  index28. The use of Type 3 
soil as fill material is subjected to specific studies regarding the structure conditions.

36 tests were carried out with steel ladder reinforcements, including 3 ladders configurations and 12 different 
soils (i.e., 12 series of tests with different confinement pressures). All soils consisted of granular fills with friction 
angles ϕ from 31° to 40°, unit weight γ from 18.8 to 22.5 kN/m3 and coefficient of uniformity  Cu > 2.

For PET strip reinforcements, confinement pressures simulated 1-, 3.5-, and 7-m of depth. The fill soil clas-
sified as low plasticity silty sand (SM(L)) with unit weight, γ = 21 kN/m3, friction angle, ϕ = 31.4°, cohesion, 
c = 14 kPa, diameter  D50 of 3–4 mm, coefficient of uniformity,  Cu = 700, coefficient of curvature,  Cc = 0.275, and 
plasticity index, PI = 6.6. Friction angle and cohesion values for all soil materials were obtained from direct shear 
tests. This soil does not satisfy the plasticity and gradation code recommendations and falls into a Type 3 fill as 
per EN  1447528, meaning that it is only suitable for use if pullout tests results show an adequate performance.

Test results
Steel ladder pullout tests
Figure 3 shows the ratio between calculated (be it AASHTO or NF) and measured friction interaction factor for 
a wide range of confinement pressures. Values greater than one reflect conservative results, while lower than unit 
values correspond to a lack of safety. Overconservative results were observed at low confinement pressures for 
AASHTO (Fig. 3a) and NF-calculated (Fig. 3b) values. Values tend towards the unit at increase depths or higher 
confinement pressures (i.e., lower f´ values). The ratio between measured and NF-calculated values tended to 
higher values when  D50 ≤  dx (i.e., the sieve passing 50% of the soil mass  (D50) is lower than the transversal bar 
thickness), (i.e., more conservative) compared to the  D50 >  dx results.

Figure 4 shows the ratio between apparent soil-reinforcement interaction friction angle (i.e., δ =  tan−1(f`)) and 
the actual soil friction angle (ϕ). High values of δ were measured at low confining pressures (as high as δ > 80°), 
which agrees with results reported by  Ingold29. Increased δ can be understand as a product of soil dilation. As 
confining pressure increases, the ratio between angles decreases. δ values below 1 (i.e., δ <  ϕ) under 10 m of depth 
could imply that not only bearing strength capacity is developed in steel ladders-soil interaction (representative 
in cases with δ ≥ ϕ), but also frictional (where typically δ < ϕ values are reached, being the soil friction angle the 
higher boundary of δ values).

Figure 5 compares measured and AASHTO-calculated pullout strength capacity  (Pr) values obtained in the 
present study and those collected by Yu and  Bathurst30. As previously stated, for low confining pressures, the 
overestimation of the calculated pullout capacity is considerable. Results from this study are coherent with those 
obtained by Jayawickrama et al.31 at similar confinement pressures.

Polymeric strip pullout tests
Figure 6 shows the comparison of measured and AASHTO-calculated pullout strength capacity  (Pc) for single 
polymeric (PET) strip reinforcements. Values are compared to the extensive data compiled and reported by 
Miyata et al.12. Calculated values consider conservative-default F’ = 0.67tan(ϕ) and α = 1.0. Results from Miyata 
et al.12 show that, on average, calculated values are conservative. Nevertheless, there are cases in which the 
calculated pullout strength was overestimated which appear to occur with more frequency at higher confining 
pressures (i.e., greater depths). Results obtained in the present study, while scarce, appear to follow the same 
trend as those presented in Miyata et al.12.
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3D finite element numerical model
Model description
A 3D model was implemented to simulate pullout test using the finite element software  CODE_BRIGHT32. 
Figure 7a shows the model domain, which replicates the test box dimensions. As with the test box, the model 
geometry includes a frontal opening with a 200 mm-length sleeve (Fig. 7b). 3D numerical models can provide 
accurate stress–strain simulations at the expense of increased computational cost and can be of use to evaluate 
performance of 2D models.

Figure 3.  (a) AASHTO- and (b) NF-calculated versus measured friction interaction factor (f ’) for pullout tests 
with steel ladders.

Figure 4.  Ratio between apparent pullout interaction friction angle (δ) and actual soil friction angle (ϕ) for 
steel ladder reinforcement pullout tests.
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Metallic and polymeric reinforcements were modeled via an equivalent strip with dimension 50 mm-width, 
5 mm-thick, and 1050 mm-length (Fig. 7c), and a linear elastic constitutive law. The soil-reinforcement interface 
was implemented using continuum elements. Numerical results regarding load transfers between materials using 
continuum element interfaces have shown good agreement when compared to zero-thickness interface elements 
available in other numerical software and allow for more control over strength and stiffness variations between 
materials as well as element shapes and  sizes33,34 and have been previously used in 3D numerical modelling 

Figure 5.  Measured and calculated pullout capacity according to  AASHTO22 for steel ladder reinforcement 
pullout tests and other bar-mat reported cases (adapted  from30).

Figure 6.  Calculated and measured values of pullout capacity according to  AASHTO22 for single polymeric 
strip reinforcements (adapted  from12).
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of reinforced soil  walls35. Soil fill and interface materials were modeled using a linear elastic stiffness with a 
Mohr–Coulomb plastic law with dilatancy.

A a-prior mesh optimization process was undergone. Figure 8a shows the pullout load–displacement results 
with regards to the interface mesh refinement. As the number of elements in the interface increase, modelled 
pullout capacity is reduced by approximately 35% (i.e., from 54 to 37 kN), reaching an asymptotic value with 
a 10-element interface. As expected, the number of interface elements increases computation time consider-
ably (Fig. 8b). A refined mesh yielded lower (deemed more accurate) pullout loads (Fig. 8c). Different mesh 
arrangements of the fill soil, in addition to the number of interface elements, yielded similar trends. A 7-element 
interface with structured trilinear hexahedrons (i.e., brick elements) was deemed as the optimal mesh geometry.

The pullout test procedure was replicated using three stages, consisting of 12 steps. For stage one, an equi-
librium state is calculated from steps 0 through 10. For stage two, the confining pressure for each scenario is 
applied using a vertical surcharge on top of the box as a ramp load from step 10 to 11. During stage three, from 
step 11 to 12, the pullout load is applied as a constant velocity-displacement of 2 ×  10–6 m/s at the front of the 
reinforcement strip, which generates 17.28 cm of pullout displacement by the end of the simulation.

Base case
The initial (i.e., base) case consisted of a steel strip reinforcement and regular granular fill soil. Table 1 details 
material properties for the base case. Values were selected to be in agreement with the reinforced backfill material 
reported by  Runser36. An equivalent depth of z = 3 m was achieved with a vertical surcharge of 52.5 kPa, which, 
in addition to the 0.375 m of soil fill above the reinforcement, results in a theorical vertical surcharge of 60 kPa.

Figure 9 shows the vertical displacements and vertical stress evolution of the fill and interface materials during 
the pullout stage. Figure S1 of the Supplemental Material for this paper shows the shear and vertical stresses due 
to head displacement evolution along the reinforcement length. Positive-upwards displacements are generated 
during the pullout due to soil dilatancy (Fig. 9a). Displacements are more noticeable within the interface zone, 
due to greater shear strains, and near the frontal opening sleeve attributed to the prescribed boundary condition 
(Fig. 9b). The soil constitutive model uses a fixed value for dilatancy, whereas soils reach a critical dilatant state 

Figure 7.  Pullout 3D numerical model: (a) pullout box/domain geometry, (b) frontal box opening sleeve, and 
(c) soil-reinforcement interface mesh detail.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:7355  | https://doi.org/10.1038/s41598-024-57893-3

www.nature.com/scientificreports/

Figure 8.  (a) Reinforcement pullout load versus axial displacement with regards to interface finite element 
mesh refinement and (b) required CPU time and (c) maximum pullout load with regard to interface mesh 
refinement.

Table 1.  Pullout model base case material properties. a Despite demonstrated to have no much significant 
effect on pullout capacity, higher ν-value (i.e., νi = 0.45) were considered to best fit pullout capacity under high 
vertical pressure cases to mobilize confinement (i.e., to increase mean stress p-invariant) and reduce unrealistic 
volumetric interface plasticization. b δ = 28.8° (= ϕi) is equivalent to an interface reduction factor of  Ri = tanδ/
tanϕ = 0.7, which corresponds to an AASHTO pullout friction factor (F*) equal to tanδ = tan(28.7°) = 0.55 
(i.e., F* = tanδ =  Ritanϕ = 0.7tan38° = 0.55). c Dilatancy angle assumed as ψ = ϕs – 30°. d Interface dilatancy angle 
assumed as equal to fill-soil dilatancy angle.

Parameters

Materials

Reinforcement Fill soil Interface

Unit weight, γn (kN/m3) 75 20 20

Elastic stiffness modulus, E (MPa) 210 000 20 20

Poisson’s ratio, ν (–) 0.3 0.3 0.45a

Cohesion, c (kPa) – 1 1

Friction angle, ϕ and δ (°) – ϕs = 38 δ = 28.7b

Dilatancy angle, ψ (°) – 8 c 8d
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in which further shear deformations will occur without volume changes. Still, due to the range of displacements 
assumed in the model, realistic dilatancy effects are expected. Initial vertical stress values tended to zero near the 
frontal opening where the sleeve was modeled. Significant increments in vertical and shear stress are generated 
during pullout (Fig. 9c, Fig. S1) throughout almost all the reinforcement length. Vertical stress reaches values 
of 525 kPa, or approximately 10 times the assumed initial vertical stress, above the central zone (i.e., middle 
length) of the reinforcement strip, attributed to the effect of dilatancy (Fig. 9d). Maximum vertical stress location 
matches the with the highest shear stress zones (Fig. S1). Minor positive values (i.e., tensile stress) are observed 
within the later-side corner-boundaries, attributed to numerical equilibrium with the prescribed boundary 
conditions (i.e., prescribed normal displacements). Shear stresses show a symmetrical behaviour above and 
below the reinforcement (Fig. S1b).

Figure 10 presents modelled vertical stresses at step 12 (i.e., after a complete pullout test) for several hori-
zontal planes above the reinforcement within s vertical plane at 0.525 m from the tail-end of the reinforcement. 
Figure S2 shows results for vertical planes at 0.210 m (Fig. S2a) and 0.840 m (Fig. S2b) from the tail-end of the 
reinforcement. Modeled results show considerable variations between vertical pressure development at zones 
directly above the reinforcement and towards the lateral sides. This phenomenon is observable due to the 3D 
nature of the model. As previously observed (see Fig. 9d; Fig. S1a), vertical stress increments just above the 
reinforcement are generated due the shear strains caused by the pullout of the reinforcement as well as the effect 
of soil dilatancy, causing an increase of volume due to shear and, consequently upward displacement. Similar 
responses have been previously reported in pullout numerical  models37. Stress distribution is several times higher 
than the pressure due to self-weight of the fill-soil above the reinforcement, while being several times lower 
towards the lateral side. Nevertheless, the equivalent resultant load in each and any horizontal plane remains 

Figure 9.  Base case vertical displacements (m) for (a) entire model, and (b) at interface with their evolution in 
time (i.e., steps) on interface vertical cross-length-section, and vertical stress (MPa) for (c) entire model, and (d) 
at interface with their evolution in time (i.e., steps) on interface vertical cross-length-section.
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constant as per the equivalent fill-soil depth due to soil-arching effect, even at the near-most plane towards 
the reinforcement. Results show that the considerable effect of dilatancy during pullout failure, as mentioned 
in the pioneering work of  Lo38 and Alfaro and  Pathak39. As expected, the magnitude of the vertical pressure at 
the central zone with regards to the vertical pressure distribution at the lateral sides is related to the horizontal 
plane location, where differences in vertical stress between central and lateral zones are accentuated closest to 
the reinforcement. Results tend to the corresponding surcharge load as the horizontal plane of analysis is further 
from the reinforcement.

Sensitivity analysis
Sensitivity analyses were performed over various resisting parameters. Confining pressures scenarios remained 
unchanged. Table 2 details the analyzed parameter variations, including stiffness, friction and dilatancy angle 
for fill and interface soil, friction interaction factor, and reinforcement stiffness.

Figure 11 shows the simulated pullout load at head of the reinforcement with respect to head-displacement 
for sensitivity cases 1, 2, 3, and 4. Analog results for the remaining cases are presented in Fig. 12. As strength 
increases (i.e., higher soil friction angle, ϕ), higher values of pullout load area obtained. A constant interface 
friction angles (δ) (i.e., cases 3 and 4), results in slighter variations than a constant interface strength reduction 
factor  (Ri) (i.e., cases 1 and 2) when compared to the base case. The interface friction angle appears to increase 
the pullout load for a constant soil-fill friction angle. Higher soil dilatancy (ψ) generates higher positive volu-
metric strains, resulting in increased vertical pressures, and, consequently, higher pullout load values (Fig. 12a). 

Figure 10.  Vertical stress development at the interface in a vertical cross section planes 0.525 m from tail-end 
of reinforcement of the reinforcement layer at Step 12 (i.e., end of pullout test).

Table 2.  Parameter variations for sensitivity cases. a Parameters no included here remain the same as in Base 
case. b Despite the dilatancy definition (ψ = ϕs − 30°), the interface material dilatancy angle was assumed as 
equal to fill-soil dilatancy angle in Base case, and with the same value (i.e., ψ = 8°) for the complementary cases.

Sensitivity on a Base case value Variation cases Case number

Soil friction angle, ϕs [°] ϕs = 38  (Ri = 0.7; δ = 28.7)

Maintaining  Ri:
ϕs = 32  (Ri = 0.7; δ = 23.6) 1

ϕs = 44  (Ri = 0.7; δ = 34.1) 2

Maintaining δ:
ϕs = 32  (Ri = 0.88; δ = 28.7) 3

ϕs = 44  (Ri = 0.57; δ = 28.7) 4

Soil and interface  dilatancyb, ψs and ψi [°] ψs = ψi = 8
ψs = ψi = 3 5

ψs = ψi = 13 6

Soil-reinforcement friction interaction factor,  f ’ (and interface friction 
angle, δ) [–] f ’ = 0.55  (Ri = 0.7; δ = 28.7°)

f ’ = 0.66  (Ri = 0.85; δ = 33.6°) 7

f ’ = 0.78  (Ri = 1; δ = 38°) 8

Soil (and interface) stiffness,  Es and  Ei [MPa] Es =  Ei = 20

Es = 50 and  Ei = 20 9

Es =  Ei = 50 10

Es = 20 and  Ei = 50 11

Reinforcement stiffness,  Er [MPa] Er = 210,000 Er = 500 12
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Likewise, for higher interface friction interaction factors  (f ’), which in turn results in higher internal friction 
angle values, higher pullout load values are obtained (Fig. 12b).

Higher stiffness (E) values result in more restrictions of vertical displacements due to dilatancy, thus, slightly 
higher pullout loads were observed (Fig. 12c). Results show that soil stiffness has more impact over pullout load 
than interface stiffness. For reinforcement elements, stiffness is related to the material extensibility. The base 
case represents an inextensible (e.g., steel) material, while the sensibility case represents an extensible (e.g., 
polymeric) material. An extensible reinforcement (case 12) reached pullout load values similar to those in the 
base case (i.e., critical load in which the elastic–plastic stress-regime is reached), but a considerably different 
displacement response. Due to the extensible nature of the material, displacements of the tail-end and head of 
the reinforcement are not the same (Fig. 12d).

Figure S3 shows the shear and vertical stress generation along the reinforcement length at step 12 for all 
sensitivity cases. Higher shear (Fig. S3a) and vertical (Fig. S3b) stresses are obtained for increased friction and 
dilatancy angles, for fill- and interface-soil. Increasing  Ri yielded higher shear stresses but no significant varia-
tions in vertical stresses (Fig. S3c). For different soil stiffness values, no relevant variations in shear and vertical 
stress generation were observed (Fig. S3d). For different reinforcement stiffnesses, the somewhat constant shear 
stress distribution of the base case (i.e., inextensible strip) shifts to a variable distribution when simulating 
extensible reinforcement (case 12) with incrementing values from the back to the front (Fig. S3e). Likewise, 
vertical stresses change in distribution, increasing towards the reinforcement head due to the related soil and 
interface material dilatancy.

Model calibration
After evaluating the base case response and sensitivity analysis results, the pullout model was calibrated for 
improved performance in specific scenarios with inextensible (i.e., steel ladder) and extensible (i.e., polymeric 
strip) reinforcements. Soil properties correspond to the tested sample for each pullout test (i.e., granular fill 
for steel ladders and low plasticity silty sand for polymeric strips). The calibration process was largely achieved 
through trial variations of the friction interaction factor.

Steel ladder reinforcement
For the inextensible reinforcement model, pullout test results for a steel ladder with 8 mm-diameter, 300 mm-
separation transversal bars, and 1050 mm-length, 168 mm-width were used. Table 3 shows the reinforcement, 
fill- and interface-soil material parameters. Confining pressures included 0.375 m, 3.1 m, and 10.625 m of 
equivalent depth  (zeq).

Figure 13 shows the head displacements versus pullout load results from the physical test and 3D model using 
steel ladder reinforcements. For  F* values based on  AASHTO22 recommendations no proper agreement between 
measured and modelled results was obtained (Fig. 13a). At a lower confining pressure  (zeq = 0.375 m-depth) 
pullout load was underpredicted, while at a higher confining pressure  (zeq = 10.3625 m-depth) pullout load 
was overpredicted. An intermediate confining pressure scenario  (zeq = 3.10 m-depth) still presented inadequate 
results, but proved to have the best fit of the three load scenarios. Modifying F* values improved the modelled 
results at all depths (Fig. 13b). For an intermediate confining pressure  (zeq = 3.10 m-depth), slight modifications 
of soil stiffness allowed for a better fit. Figure S4 compares the measured, calibrated, and AASHTO-calculated 
friction interaction factor for various confining pressures. Reasonable agreement was obtained between calibrated 

Figure 11.  Axial reinforcement pullout load versus axial displacement response with regard to variations of soil 
friction angle (cases 1, 2, 3, and 4).
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and AASHTO-calculated values for intermediate and high confining pressures. For a low confining pressure, no 
agreement was obtained between F* values.

Polymeric strip reinforcement
For extensible reinforcements, pullout tests of a grade 70 (i.e., short-term strength of 70 kN), 90 mm-wide, 
polymeric strips were used for calibration. Table 4 shows the calibrated model parameters for reinforcement, 
fill- and interface-soil material. Confining pressures included 1-, 3.5-, and 7-m of equivalent depth. Test results 
show a similar response as those presented by Miyata et al.12, thus, while scarce, are deemed appropriate to be 
used in numerical models.

Figure 14 shows displacements versus pullout loads results obtained from the physical tests and 3D model 
using polymeric reinforcements. Before calibration, moderate agreement was reached between measured and 
modelled results for all but the low confining pressure case  (zeq = 1 m-depth) (Fig. 14a). The first approach 
(non-calibrated) considered a fixed interface strength reduction for friction angle and cohesion  (Ri = 0.67). By 
refining the pullout friction factor (F*) and the apparent interface cohesion values  (ci), improved agreement was 
obtained between measured and modelled results at all simulated depths (Fig. 14b), including displacements at 
the head and tail-end of the reinforcement (Fig. S5). Parameter  F* was linearly decreased with depth while  ci was 
increased with depth (1 kPa at  zeq = 1 m-depth, 9.4 kPa at  zeq = 3.5 m-depth, and 14 kPa  (ci =  cs) at  zeq = 7 m-depth). 
A variable friction interaction factor was required to improve model performance, in contrast to the constant 
value proposed in  AASHTO22. Miyata et al.12 showed that a bi-linear model can predict, on average, conservative 
values, while showing no dependencies of predicted capacity with confinement pressures. Modeled results of  f ’ 
are in good agreement with measured values when considering a cohesionless soil (i.e., using Eq. 1), in which 
α = 0.9 shows a good fit for  zeq > 3.5 m. If soil cohesion is considered (i.e., using Eq. 4), a constant cohesion yields 
inadequate results at low confining pressures (i.e.,  zeq = 1 m-depth) (Fig. 15a). When  ci increases with depth 

Figure 12.  Axial pullout load versus axial displacement response with regards to variations on (a) dilatancy 
angle (cases 5 and 6), (b) interface reduction factor (cases 7 and 8), (c) stiffness (cases 9, 10, and 11), and (d) 
reinforcement stiffness (case 12).
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(i.e., using the model  ci values), results adjustment at low confining pressures improved while maintaining an 
adequate fit at middle and high confining pressures (Fig. 15b). Analog results were obtained when comparing 
the pullout friction factor (F*) of measured (with and without cohesion) and model values considering a fixed 
interface adherence (Fig. S7a) and a variable interface adherence (Fig. S7b).

The load–displacement simulations show a force decay response (see Fig. 14), which can be attributed to the 
extensible nature of the reinforcement. Relative displacements between front- and read-end provide an artifi-
cial fixture (as in, the reinforcement stretches progressively), which, after all the soil-reinforcement strength is 
mobilized, results in non-constitutive softening effect response.

As other 3D modelling attempts of polymeric reinforcements pullout tests have  shown15,16, after a proper 
calibration, numerical models can represent the soil-reinforcement interface response under pullout load.

Conclusions
The present work describes physical (i.e., in-lab) and 3D finite element models of pullout tests carried out using 
steel ladders and polymeric strips reinforcements at various equivalent depth scenarios. A base case 3D model 
was implemented as a first approach. Sensitivity analyses were performed using the base case model to identify 
the most relevant parameters influencing pullout results. The 3D model was then calibrated to better reproduce 
laboratory measured data for specific reinforcements (i.e., Steel ladders and polymeric strips). The main conclu-
sion are as follows:

• Steel ladders pullout test results were in good agreement with literature-reported data. Physical results showed 
an overconservative estimation of pullout resistance following  AASHTO22 guideless at low confining pres-
sures, and proper agreement at increased depths. Values of soil-reinforcement interface friction angle (δ) of 
up to two times the soil friction angle were observed at low confining pressures.

• Polymeric strip pullout test results were in reasonable agreement with literature reported values. Pullout 
load results showed slight overconservative values at low confining pressures and slight overestimations with 
increased depths.

• Sensitivity analyses showed relevant dependencies of pullout load with soil friction and dilation angles, as 
well as interface reduction factor and reinforcement stiffness.

• After calibration, modeled results were in suitable agreement with measured values for all equivalent depths 
scenarios using steel ladder and polymeric strip reinforcements. Calibration was attained mainly by vari-
ations of the friction interaction factor (f ’). For steel ladder cases, f ’ was in reasonable agreement between 
model and AASHTO-calculated values for intermediate and high confining pressures, while no agreement 
was obtained at low confining pressures. For polymeric strips  AASHTO22 guidelines define a fixed value. 
Contrary to this, the best representation of measured and modeled values was obtained with a variable fric-
tion interaction factor. The inclusion of cohesion in f ’ only improved modeled and calculated values when 
a variable cohesion with depth was considered.

Table 3.  Calibrated model parameters for the steel ladder pullout case. a Equivalent stiffness from steel 
modulus (210 GPa) and actual steel ladder geometry (8 mm-diameter two longitudinal bars), converted to 
50 mm-width × 5 mm-thick reinforcement 3D-model geometry. b Value approximated from in-fill settlement 
reached after vertical surcharge, which is in agreement with soil material type (gravely sand) and performed 
compaction; as explained in previous sensitivity analysis (and demonstrated below for this current case) fill soil 
and interface stiffness variations implies different pullout-displacement trend, which can be properly refined 
to improve real pullout-displacement trend. c Despite demonstrated to have no significant effect on pullout 
capacity, higher ν-value (i.e., ν = 0.45) was considered to best fit pullout capacity under high vertical pressure 
cases to mobilize confinement (i.e., to increase p-stress invariant) and reduce unrealistic volumetric interface 
plasticization. d Equivalent depths from actual fill-soil layer height above the reinforcement and surcharge 
loading applied on top of pullout box. e Non-zero cohesion value to ensure numerical stability at very low 
confining pressure. f Default values from  AASHTO22 pullout friction factor F* for steel grid reinforcement 
(bilinear value; see Fig. 8.13), i.e., from F* = 10(t/St) = 10 × (8 mm/300 mm) = 0.27 (at depths z ≥ 6 m) linearly 
increasing up to F* = 20(t/St) = 20 × (8 mm/300 mm) = 0.53 (at z = 0). g Assumed as ψ =  ϕ − 30°.

Parameters

Materials

Steel ladder Fill soil Interface

Unit weight (kN/m3) 75 20 20

Elastic modulus, E (MPa) 84,446a 30b 30

Poisson’s ratio, ν (–) 0.3 0.3 0.45c

Equivalent  depthsd

z = 0.4 m z = 3 m z = 10.5 m

Cohesion, c (kPa) e – 1 1 1 1

Friction angle, ϕ-soil and δ-interface (°) – 40
Defaultf (F* value) 28 (0.52) 22 (0.4) 15 (0.27)

Calibrated (F* value) 89 (~ 60) 27 (0.5) 13 (0.23)

Dilatancy angle, ψ (°)g – 10 10 10 10
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Figure 13.  Head displacement and pullout load from measured and modeled steel ladder pullout tests results 
with (a) AASHTO (from  F* = 0.27 at z ≥ 6 m to 0.53 at z = 0), and (b) calibrated  F*-values.
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• The use of 3D numerical model allows for analyses of the in-plane stress distributions but require extensive 
computational effort, thus, are justified from an investigation point of view, but not necessarily for practical 
design.

• The agreement between physical and model results further validates the use of continuum elements for soil-
reinforcement interfaces

Table 4.  Calibrated model parameters for the polymeric strip pullout case. a Despite being a low-end value 
for polymeric  strips12 after fixing other unknowns (as soil stiffness, see below),  Estrip = 500 MPa demonstrated 
proper agreement with the measured pullout performance and related extensibility, in line with previous 3D 
numerical models for reinforced soil  walls35. b Value approximated from fill-soil settlement after applying 
vertical surcharge, in agreement with soil material type (silty sand) and performed compaction. c Despite 
demonstrated to have not much significant effect on pullout capacity, higher νi-value (i.e., νi = 0.45) was 
considered to best fit pullout capacity under high vertical pressure cases, to mobilize confinement (i.e., to 
increase mean stress p-invariant) and reduce unrealistic volumetric interface plasticization. d Equivalent depths 
from actual fill-soil layer height above the reinforcement and surcharge loading applied on top of pullout box. 
e Default interface cohesion value obtained from interface strength reduction (i.e.,  cinterface =  Ri ×  csoil = (tanδ/
tanϕs)  csoil. = (tan(22°)/tan(31°))  csoil = 0.67csoil. Thus, default  cinterface value equal to 0.67 × 14 kPa = 9.4 kPa. 
f Calibrated cohesion values as obtained from direct shear point-by-point data (i.e., less cohesion at low 
confining pressure, but also greater friction angle at that location). g Default values from  AASHTO22 pullout 
friction factor F* for geotextile and geogrid reinforcement type (δ =  tan−1(F*) =  tan−1(Ci × tanϕ) =  tan−1 
(0.67tan(31°)) =  tan−1(0.4) = 21.9°). h ψ =  ϕs − 30° = 1; however, interface material assumed as non-dilatant (i.e., 
ψ = 0).

Parameters

Materials

Polymeric strip Fill soil Interface

Unit weight (kN/m3) 75 21 21

Elastic modulus, E (MPa) 500a 10b 10b

Poisson’s ratio, ν (–) 0.3 0.3 0.45 c

Equivalent  depthsd

z = 1.0 m z = 3.5 m z = 7.0 m

Cohesion, c (kPa) – 14 Defaulte:
Calibratedf:

9.4
1 9.4 9.4

14

Friction angle, ϕ-soil and δ-interface (°) – 31

Defaultg

(F* value) 22 (0.4) 22 (0.4)
22 (0.4)

Calibrated
(F* value) 29 (0.56) 26.5 (0.5)

Dilatancy angle, ψ (°)h – 1 0 0 0
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Figure 14.  Displacements and pullout load results from measured and modeled polymeric strip pullout tests 
results for (a) AASHTO default value  (F* = 0.4), and (b) calibrated  F* and interface cohesion  (ci) values.



17

Vol.:(0123456789)

Scientific Reports |         (2024) 14:7355  | https://doi.org/10.1038/s41598-024-57893-3

www.nature.com/scientificreports/

The presented methodology may be of interest for designers when analyzing the soil-reinforcement pull-
out interaction, complementary to laboratory pullout testing. Before using numerical tools to predict pullout 
performance, modeled must be validated using proper laboratory or field measurements. Only after a proper 
calibration process, numerical results can be used to evaluated non-tested and complementary scenarios, such 
as soil or reinforcement properties variations.

Data availability
Data is provided within the manuscript and supplementary information files.

Received: 30 November 2023; Accepted: 22 March 2024

References
 1. Miyata, Y., Bathurst, R. J. & Allen, T. M. Evaluation of tensile load model accuracy for PET strap MSE walls. Geosynth. Int. 25(6), 

656–671 (2018).
 2. Skejic, A., Medic, S. & Dolarevic, S. Influence of wire mesh characteristics on reinforced soil model wall failure mechanisms-

physical and numerical modelling. Geotext. Geomembr. 46(6), 726–738 (2018).
 3. Agarwal, A., Ramana, G. V., Datta, M., Soni, N. K. & Satyakam, R. Pullout behaviour of polymeric strips embedded in mixed recy-

cled aggregate (MRA) from construction and demolition (C&D) waste—Effect of type of fill and compaction. Geotext. Geomembr. 
51(3), 405–417 (2023).

 4. Gradiški, K., Mulabdić, M. & Minažek, K. Preliminary results of determining the friction interaction coefficient between crushed 
stone and polyester strip. Rudarsko-geološko-naftni zbornik 32(4), 37–43 (2017).

 5. Herceg, K., Minažek, K., Domitrović, D. & Horvat, I. Pullout behavior of a polymeric strap in compacted dry granular material. 
Appl. Sci. 13(15), 8606 (2023).

 6. Abdelouhab, A., Dias, D. & Freitag, N. Physical and analytical modelling of geosynthetic strip pullout behaviour. Geotext. 
Geomembr. 28(1), 44–53 (2010).

 7. Georgiou, I., Loli, M., Kourkoulis, R. & Gazetas, G. Pullout of steel grids in dense sand: Experiments and design insights. J. Geotech. 
Geoenviron. Eng. 146(10), 04020102 (2020).

 8. Bathurst, R. J., Allen, T. M., Lin, P. & Bozorgzadeh, N. LRFD calibration of internal limit states for geogrid MSE walls. J. Geotech. 
Geoenviron. Eng. 145(11), 04019087 (2019).

 9. Bathurst, R. J., Miyata, Y. & Allen, T. M. Deterministic and probabilistic assessment of margins of safety for internal stability of 
as-built PET strap reinforced soil walls. Geotext. Geomembr. 48(6), 780–792 (2020).

 10. Bathurst, R. J., Bozorgzadeh, N. & Allen, T. LRFD calibration of internal limit states for MSE Walls using steel strip reinforcement. 
J. Geotech. Geoenviron. Eng. 147(12), 04021156 (2021).

 11. Bozorgzadeh, N., Bathurst, R. J., Allen, T. M. & Miyata, Y. Reliability-based analysis of internal limit states for MSE walls using 
steel-strip reinforcement. J. Geotech. Geoenviron. Eng. 146(1), 04019119 (2020).

 12. Miyata, Y., Bathurst, R. J. & Allen, T. M. Calibration of PET strap pullout models using a statistical approach. Geosynth. Int. 26(4), 
413–427 (2019).

 13. Feng, S. J. & Wang, Y. Q. DEM simulation of geogrid–aggregate interface shear behavior: Optimization of the aperture ratio con-
sidering the initial interlocking states. Comput. Geotech. 154, 105182 (2023).

 14. Wang, Z., Xia, Q., Yang, G., Zhang, W., & Zhang, G. Effects of transverse members on geogrid pullout behavior considering rigid 
and flexible top boundaries. Geotext. Geomembranes (2023).

Figure 15.  Comparison of calculated, measured and model-calibrated friction interaction factor  (f ’ = αF*) for 
polymeric strips pullout tests with and without cohesion values for (a) fixed interface adherence  (ci = 0.67cs), and 
(b) variable interface adherence as obtained in the calibrated 3D model.



18

Vol:.(1234567890)

Scientific Reports |         (2024) 14:7355  | https://doi.org/10.1038/s41598-024-57893-3

www.nature.com/scientificreports/

 15. Amirhosseini, I., Toufigh, V., Toufigh, M. M. & Ghazavi-Baghini, E. Three-dimensional modeling of geogrid pullout test using 
finite-element method. Int. J. Geomech. 22(3), 04021297 (2022).

 16. Hussein, M. G. & Meguid, M. A. Improved understanding of geogrid response to pullout loading: Insights from three-dimensional 
finite-element analysis. Can. Geotech. J. 57(2), 277–293 (2020).

 17. ASTM D6706-01. Standard test method for measuring geosynthetic pullout resistance in soil (American Society for Testing Materials 
(ASTM International), West Conshohocken, PA, USA, 2021).

 18. EN 13738. Geotextiles and geotextile-related products – Determination of pullout resistance in soil (European Committee for Stand-
ardization, Brussels, Belgium, 2004).

 19. Palmeira, E. M. & Milligan, G. W. E. Scale and other factors affecting the results of pullout tests of grids buried in sand. Geotechnique 
39(3), 511–524 (1989).

 20. Palmeira, E. M. Soil–geosynthetic interaction: Modelling and analysis. Geotext. Geomembr. 27, 368–390 (2009).
 21. Jewell, R. A., Milligan, G. W. E., Sarsby, R. W., & Dubois, D. Interaction between soil and geogrids. In Proc., Symp. on Polymer Grid 

Reinforcement in Civil Engineering, Thomas Telford, London, 18–30 (1984).
 22. AASHTO. LRFD Bridge Design Specifications, 9th Ed. American Association of State Highway and Transportation Officials 

(AASHTO), Washington, DC, USA (2020).
 23. Berg, R.R., Christopher, B.R., & Samtani, N.C. Design and construction of mechanically stabilized earth walls and reinforced 

soil slopes, Volume I (FHWA NHI-10–024) and Volume II (FHWA NHI-10–025), National Highway Institute, Federal Highway 
Administration. U.S. Department of Transportation, Washington, DC, USA (2009).

 24. Lo, S. C. R. Pullout resistance of polyester straps at low overburden stress. Geosynth. Int. 5(4), 361–381 (1998).
 25. Miyata, Y., Yu, Y. & Bathurst, R. J. Calibration of soil-steel grid pullout models using a statistical approach. J. Geotech. Geoenviron. 

Eng. 144(2), 04017106 (2018).
 26. NF P 94-270 Calcul géotechnique: Ouvrages de soustènement. Remblais renforcés et massifs en soil cloué. Norme française, 

Association Française de Normalisation (AFNOR), La Plaine Saint-Denis, France (2009).
 27. ASTM D2487. Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification System) (American 

Society for Testing Materials (ASTM International), West Conshohocken, PA, USA, 2011).
 28. EN 14475. Execution of special geotechnical works—Reinforced fill. European Committee for Standardization, Brussels, Belgium 

(2011).
 29. Ingold, T. S. Laboratory pull-out testing of grid reinforcements in sand. Geotech. Test. J. 6(3), 101–111 (1983).
 30. Yu, Y. & Bathurst, R. J. Analysis of soil-steel bar mat pullout models using a statistical approach. ASCE J. Geotech. Geoenviron. Eng. 

141(5), 04015006 (2015).
 31. Jayawickrama, P. W., Surles, J. G., Wood, T. A., & Lawson, W. D. Pullout resistance of mechanically stabilized earth reinforcement 

in backfills typically used in Texas: Volume 1. Report No.0-6493-1, Texas Department of Transportation, Austin, TX, USA (2013).
 32. Olivella, S., Gens, A., Carrera, J. & Alonso, E. E. Numerical formulation for a simulator (CODE_BRIGHT) for the coupled analysis 

of saline media. Eng. Comput. 13(7), 87–112 (1996).
 33. Damians, I. P., Olivella, S., Bathurst, R. J., Lloret, A. & Josa, A. Modeling soil-facing interface interaction with continuum element 

methodology. Front. Built Environ. 8, 842495 (2022).
 34. Damians, I.P., Yu, Y., Lloret, A., Bathurst, R.J., & Josa, A. Equivalent interface properties to model soil-facing interactions with 

zero-thickness and continuum element methodologies. XV Pan-American Conference on Soil Mechanics and Geotechnical Engi-
neering (XV PCSMGE), From Fundamentals to Applications in Geotechnics. Buenos Aires, Argentina. 15–18 November 2015, 
pp.1065–1072 (2015).

 35. Damians, I. P., Bathurst, R. J., Olivella, S., Lloret, A. & Josa, A. 3D modelling of strip reinforced MSE walls. Acta Geotech. 16(3), 
711–730 (2021).

 36. Runser, D.J. Instrumentation and experimental evaluation of a 17 m tall reinforced earth retaining wall, M.S. Thesis, School of 
Civil Engineering, Purdue University, West Lafayette, Indiana, USA, 289p (1999).

 37. Razzazan, S., Keshavarz, A. & Mosallanezhad, M. Large-scale pullout testing and numerical evaluation of U-shape polymeric 
straps. Geosynth. Int. 26(3), 237–250 (2019).

 38. Lo, S. C. R. The influence of constrained dilatancy on pullout resistance of strap reinforcement. Geosynth. Int. 10(2), 47–55 (2003).
 39. Alfaro, M. C. & Pathak, Y. P. Dilatant stresses at the interface of granular fills and geogrid strip reinforcements. Geosynth. Int. 12(5), 

239–252 (2005).

Acknowledgements
The authors wish to acknowledge A. Kim from GECO Industrial (Korea, Rep. of) for supplying polymeric strip 
samples, VSL Construction Systems (Spain) for providing laboratory test equipment, the support of the Depart-
ment of Civil and Environmental Engineering (DECA) of the Universitat Politècnica de Catalunya·BarcelonaTech 
(UPC), and the International Center for Numerical Methods in Engineering (CIMNE) and the funding received 
from the Spanish Ministry of Economy and Competitiveness through the “Severo Ochoa Programme for Cen-
tres of Excellence in R&D” (CEX2018-000797-S-20-4). The authors also wish to sincerely thank the reviewers 
of the manuscript during the submission process of this study, who clearly enabled the paper to be substantially 
improved.

Author contributions
I.P.D. performed all the tests, developed the numerical model and interface strategy, prepared the figures, and 
wrote the main manuscript text and conclusions. A.M. reviewed the model and the text, polished formats, cita-
tions, discussions and conclusions. All authors reviewed the manuscript.



19

Vol.:(0123456789)

Scientific Reports |         (2024) 14:7355  | https://doi.org/10.1038/s41598-024-57893-3

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 57893-3.

Correspondence and requests for materials should be addressed to I.P.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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 Author(s) 2024

https://doi.org/10.1038/s41598-024-57893-3
https://doi.org/10.1038/s41598-024-57893-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physical and 3D numerical modelling of reinforcements pullout test
	Pullout resistance
	Model test
	Test apparatus and methodology
	Test materials
	Test results
	Steel ladder pullout tests
	Polymeric strip pullout tests


	3D finite element numerical model
	Model description
	Base case
	Sensitivity analysis
	Model calibration
	Steel ladder reinforcement
	Polymeric strip reinforcement


	Conclusions
	References
	Acknowledgements


