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Abstract. Rammed earth constructions, beyond being largely spread in the built
heritage, are known for their high seismic vulnerability, which results from high
self-weight, lack of box behavior and low mechanical properties of the material.
Hence,  to mitigate this  seismic vulnerability,  a compatible  textile reinforced
mortar (TRM) is here proposed as a strengthening solution, because of its re-
duced mass and high ductility. The few research about the structural behavior of
TRM-strengthened rammed earth elements addresses the global behavior, over-
looking the local behavior of the system. 
An analytical approach to infer the bond stress-slip relationship following the di-
rect boundary problem is proposed. Based on a previous series of pull-out tests, an
adhesion-friction constitutive law is portrayed considering also a damage model
that considers the degradation of the reinforcing fibers due to friction.
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1 Introduction

Raw earth is one of the most ancient building materials and its related building tech-
niques are spread worldwide, counting about 10% of the built UNESCO World Her-
itage and between 20% and 30% of the global population living in earthen dwellings
[1][2]. Among the different building techniques based on the use of soil, rammed
earth consists in compacting a mixture of moistened earth within a formwork, which
is directly supported on the wall and moved horizontally once a block is completed
[1]. This technique is used since ancient times to build both monuments [1][3] and af-
fordable dwellings [4]. Nonetheless, rammed earth buildings are also well known for
their high seismic vulnerability, which is due to low mechanical properties of the ma-
terial, high self-weight and poor connection between structural elements. Thus, mod-
erate to intense earthquakes are expected to produce in-plane cracking of the walls,
formation of out-of-plane mechanisms and collapse of the roof and floors [5]. For this
reason, textile reinforced mortar (TRM) has been proposed as a solution to mitigate
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the high seismic vulnerability of rammed earth dwellings, due to its low self-weight,
tensile strength and ductility, as demonstrated for masonry buildings [6]-[8]. 
Since the TRM is a composite system [6][9], understanding the mechanical response
of the matrix-fiber interface is a key point to predict the overall performance of a
strengthened structure. In this context, different test setups have been implemented to
deduce the interaction between the two components [10]-[12]. Among these tests, the
pull-out test is the most accepted, and consists in pulling out a single fiber or a mesh
embedded in a specimen representing the matrix, while the corresponding load-dis-
placement relationship P(u) is recorded. However, the P(u) curve is a response of a
system with a specific geometry, not representing a material property of the tested
composite. For obtaining material parameters to define the shear force transmission
independently from the geometric properties, known as the bond stress-slip relation-
ship (BSR), numerical or analytical models can be applied to the experimental  P(u)
curve  [13][14]. In the case of cement-based matrix composites, an interface zone is
assumed with properties different from the matrix and fiber [15]. As a consequence, if
the stiffness of the interface is much smaller than that of the constituents, the defor -
mation in this zone might be higher than that of the fiber uf or matrix um. Therefore,
the difference between the deformation of the components represents the interface de-
formation and it is defined as slip [s=uf  -um]. While, the bond stress-slip law is the
transferred shear stress τ(s) as function of the slip (s) at the interface matrix-fiber at
any coordinate of the fiber (x) [15]-[17][18]. 
In order to deduce the analytical law of the mortar-mesh interaction for imperfect in-
terface  models,  two  approaches  have  been  implemented  so  far,  namely  a  direct
boundary problem (DBP) and an inverse boundary problem (IBP). In the case of the
former approach, the load versus displacement relation P(u) of a pull-out test is calcu-
lated on the basis of an assumed constitutive law τ(s) [15][19]-[23]; therefore, its pa-
rameters must be supposed and the pull-out curve simulated to be compared with the
experimental data. By means of fitting or an optimization process, the bond-slip law is
verified once the best approximation is achieved.
The abovementioned approach is followed here to propose a method to infer a BSR of
the experimental program conducted in Romanazzi et al. [24]. At first, the materials
and the pull-out results of the experimental program are reported and discussed to hy-
pothesize a BSR. Subsequently, the problem statement of the analytical model with
the implementation of a novel damage model is derived.

2 Experimental program

The material properties and the results of a series of pull-out tests used to derive the
BSR are reported in Romanazzi et al. [24]. The mechanical properties of the selected
earth-based mortar were characterized according to EN 1015-11  [25]. The average
flexural  strength  fb is  0.5 MPa (CoV= 14%),  while  the  compressive  strength  fc is
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1.2 MPa (CoV= 12%). The Young’s modulus  Em was evaluated by means of axial
compression tests on three cylindrical specimens of casted mortar with 90 mm of di-
ameter and 175 mm high. The Young’s modulus Em was computed by linear fitting of
the stress-strain curves in the range 0-30% of fc, which provided an average value of
about 4915 MPa (CoV= 20%). The tensile behaviour of the selected low-cost fiber
glass mesh was evaluated according to the procedure prescribed in ASTM D6637 [26]
and RILEM TC-250 CSM [27]. Five specimens were prepared with width of about
50 mm and with free length of 300 mm, considering the direction along which they
show higher tensile capacity, as found in Oliveira  at al.  [28]. The resulting average
maximum  linear  force  Pw,p is  18.4 kN/m  (CoV  11%),  while  the  average  tensile
strength ft of a single yarn and the peak axial strain εpeak are 626 MPa (CoV 11%) and
0.021 (CoV 10%), respectively. In addition, the average Young’s modulus  Ey is of
about 32181 MPa (CoV 6%), as computed by linear fitting of the tensile stress-strain
curve in the range 0-30% ft. Table 1 summarizes the material properties.

Table 1. Properties of the selected glass fibre mesh and earth-based mortar.

Material Pw,p

(kN/m)
εpeak

(-)
ft

(MPa)
Ey

(MPa)
Ay

(mm2)
fc

(MPa)
fb

(MPa)
Em

(MPa)
Am

(mm2)

Glass
fiber mesh

18.4 0.021 626 32181 0.294 - - - -

Earth
mortar

- - - - - 1.2 0.50 4915 2.355

The pull-out specimens consisted of a glass fiber mesh band embedded in earth-based
mortar cylinders with diameter of ±150 mm and height corresponding to the bonded
length Lb. In the present study, only the specimens with bonded length 90 mm and 150
mm are considered. The specimens were casted ensuring the correct filling of the
mold and perfect alignment of a single mesh band of 50 mm wide, while the un-
bonded part of the mesh was kept vertically to avoid any damage due to bending. The
drying period of the specimens was of 28 days under constant hygrothermal condi-
tions (T= 20±2 °C and RH= 60±5 %), after which they were subjected to displace-
ment  controlled  pull-out  tests.  The  displacements  of  the  mesh  were  recorded  by
means of one LVDT set at the free end and two LVDTs set at the loaded end close to
the mortar surface (see  Figure 1). Further details are presented in Romanazzi  et al.
[24].
Figure 2a-d present the response curves in terms of force per width, displacement at
the loaded end and displacement at the free end for the two different bonded lengths.
Based on the literature [18][20][22][23][29][30], the experimental pull-out curves can
be divided into two zones corresponding to different shear stress distributions along
the interface. In particular, an initial linear response is observed, in which the load is
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transmitted by adhesion. When the shear strength is achieved, micro-cracks are devel-
oped and the response becomes non-linear. In this stage, adhesion is still at the inter-
face of the bonded fibers and friction between the two components is found in the de-
tached part. As the shear strength is attained at the free end, friction becomes the only
resistant mechanism.

Figure 1. Setup of the pull-out tests.

(a) (b)

(c) (d)
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Figure 2. Pull-out experimental curves: (a) loaded end Lb 150 mm; (b) free end Lb 150 mm;
(c) loaded end Lb 90 mm; (d) free end Lb 90 mm.

3 Analytical model

The direct approach was implemented for processing the experimental pull-out data
and derive an analytical bond stress-slip law. Therefore, an adhesion-friction constitu-
tive law was assumed with a linear response up to the maximum shear strength τMax

and elastic slip sEl; subsequently, the strength drops to the shear friction resistance τFri

until failure (see Figure 3). 

Figure 3. Assumed adhesion-friction bond stress-slip relationship.

Given the static equilibrium along the embedded length (Figure 4), the tensile force in
the yarn F is transferred to the matrix M through the interface. Considering the infini-
tesimal interface dx, the equilibrium can be expressed as

(1)

where p is the perimeter of the yarn and τ is the shear stress at the yarn-matrix inter-
face. 

Figure 4. Static scheme of the interface during the pull-out test.
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As the axial elongation in the fiber and in the matrix can be defined as and 

, the slip in the section x is the difference between the elongation of the

components , hence:

(2)

where Am, Ay, Em and Ey are the cross section areas and Young’s moduli of the matrix
and fiber respectively. Substituting (2 into (1, one obtains:

(3)

where  is the relative axial stiffness between the two components. (3

represents the analytical problem statement of the pull-out test to be solved according
to the stage in which the section is, as described in the next section.

2.1. Linear stage

During the adhesion phase, the assumed interface stress-slip relationship is linear with
τ=ku (Figure 3), which substituted in (3 leads to:

(4)

with . The general solution of the second differential equation (4 is:

(5)

which substituted in (2 leads to:

(6)

Considering as the boundary conditions the force in the fiber at the free-end, which is
null F(0)=0, and the force in the fiber at the loaded-end, which is equal to the pull-out
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force F(Lb)=P, the coefficients C1 and C2 result as  ; which re-

placed in (6 gives the force distribution along the fiber F(x) as:

(7)

while the shear τ(x) and slip s(x) distribution along the interface are respectively:

(8)

and

(9)

For pull-out loads lower than the elastic limit load F(Lb)=P<PEl, the shear stress at the
interface  is  less  than  the  shear  strength  τMax and  the  yarn  and the  matrix  are  full
bonded.  Once the  pull-out  force  achieves the  elastic  load  F(Lb)=P=PEl,  the shear
strength τMax is attained at the loaded end x=Lb and the debonding onsets. Hence, in
such configuration the shear stress distribution is illustrated in  Figure 5 and  (8 be-
comes (10.

Figure 5. Shear stress distribution along the interface at elastic load.

(10)

While the slip at the loaded-end results:

(11)

Therefore, given the experimental elastic pull-out load and displacement (PEl and uEl),
the shear strength [τMax] and the shear stiffness of the interface [k] are obtained by
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solving  the  system of equations  (10 and  (11 at  the  coordinate  of  the  loaded  end
(x=Lb).

2.2. Nonlinear stage

For loads beyond the elastic limit F(Lb)=P>PEl, the micro-cracks propagate along the
interface toward the free-end. Consequently, the fiber and mortar are detached in the
length Ld, while they are still bonded in the remaining length Lb-Ld. The resulted shear
stress  distribution  is  composed  by  constant  frictional  stress  τFri in  the  debonding
length  Ld<x<Lb and adhesion  τ=ku along the bonded length  0<x<Lb-Ld,  while the
maximum shear strength τFri is achieved at the coordinate x=Lb-Ld (Figure 6).

Figure 6. Shear stress distribution along the interface during nonlinear response.

Therefore, the pull-out force is the sum of the forces resulting from adhesion and fric-
tion as:

(12)

In this case, the boundary conditions are:
 F(0)=0



 F(Lb)=P 

Which, placed in (3, lead to the force distribution F(x) in the elastic length (0<x<Lb-
Ld) as:

(13)

And in the debonded length (Lb-Ld<x<Lb):

(14)
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The slip along the yarn s(x) can be evaluated as the sum of the slips according to the
different stage in which the two parts of the yarns are. Therefore, the total slip at the
loaded end results 

(15)

In this configuration, the debonded length Ld and the shear friction τFri can be obtained
by solving the system of equations  (12 and  (15, in which the inputs are the experi-
mental pull-out force P and slip u in the nonlinear branch of the curve.

2.3. Damage model

Observing the experimental pull-out curve, a damage in the yarn due to the friction
between mortar and fiber is deemed, as discussed in previous investigation  [24]. In
view of that, a damage model that considers the reduction of the cross-section of the
yarn  is  introduced  as  function  of  the  sliding.  The  damage  is  defined  as  

, where Ay and AyRed represent the initial cross-section area (un-

damaged state) and the reduced cross section area of the yarn due to friction action,
respectively. Considering the experimental ultimate load, the reduced section is evalu-

ated as , where ft is the tensile strength of the dry mesh and n is the num-

ber of yarns. Afterwards, a correlation between the average value of damage and the
bonded length (Figure 7a) and the sliding during the nonlinear stage (Figure 7b) was
found and expressed in (16.

(16)



This paper can be found at https://link.springer.com/chapter/10.1007/978-3-030-76465-4_26

(a) (b)
Figure 7. Experimental correlations: (a) damage-bonded length; (b) damage-sliding in the non-
linear stage.

Therefore, the value of  , with  , is intro-

duced as factor to reduce the cross section of the yarn to evaluate the relative stiffness
Q(u) in 17, which is then considered in the system of equations composed of (12 and
(15 for the nonlinear stage.

(17)

4 Conclusions

A method to infer a bond stress-slip relationship (BSR) of a TRM-based solution for
strengthening rammed earth is here proposed following the direct boundary problem.
At first, the properties of the materials used in the composite and the pull-out tests are
presented.  Based on the test  evidences,  an adhesion-friction BSR is hypothesized.
Consequently, the equations to describe the stress transmission along the interface are
inferred for the linear and non-linear stage. Therefore, the BSR parameters will be ob-
tained considering the experimental results. Observing a correlation between the level
of sliding and the loss of resistance with respect to the dry mesh, a novel damage
model is assumed, which reduces the axial stiffness of the interface.
The proposed method is being implemented in an algorithm for simulating the pull-
out test, in which a sensitivity analysis on the BSR parameters will be conducted.
Though, the presented method is expected to be an approach for different combination
of materials, rather than a thorough model for any composite with the use of earth-
based matrixes.
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