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Abstract: Basic mechanical properties of Tibetan rubble stone masonry, a unique 10 
architectural structure in western China, may affect the bearing capacity of architectural 11 
structures. In this study, a compression test was carried out on a Tibetan rubble prism to 12 
investigate its failure mechanism and stress-strain characteristics under uniaxial 13 
compression. Based on the experimental results, we obtained two simple compression 14 
constitutive models for Tibetan rubble stone masonry, established equations applicable to 15 
predicting the compressive strength of Tibetan rubble stone masonry, and obtained a 16 
relationship between compressive strength and the elasticity modulus through a regression 17 
analysis. 18 

Keywords:Rubble stone masonry; Compression test; Failure mechanism; Stress-strain; 19 
Compressive strength 20 

 21 

1. Introduction 22 

Tibetan rubble stone masonry, a unique architectural structure in western China, refers to 23 
a masonry composed of natural rubble, clay, and waste materials. Yellow clay caulking and 24 
gravel caulking masonry form the most common types of Tibetan walls. The defects of natural 25 
materials (e.g., irregular shapes of stones, low flexural strength, poor bonding performance of 26 
clay, and poor resistance to rain wash) significantly reduce the stress performance and 27 
durability of Tibetan rubble stone masonry walls, resulting in poor compression performance 28 
of Tibetan rubble stone masonry. Currently, there are few research results available due to the 29 
regional characteristics of Tibetan rubble stone masonry. 30 

Several experimental studies have been performed regarding compressive constitutive 31 
models [1–4] and strength prediction models of brick and tuff masonry, which are useful as 32 
references for establishing prediction equations of failure mechanisms, stress–strain behavior, 33 
and strength of Tibetan rubble stone masonry. Common empirical constitutive models of 34 
masonry include polynomial type, rational fraction type, and two–step type models. Table 1 35 
gives equations that represent these different modeling types. Nazar et al. [1] used the simple 36 
quartic polynomial in Equation (1) to predict the stress–strain relationship for interlocking 37 
grouted stabilized sand–flash brick masonry under uniaxial cyclic loading and unloading. By 38 
modifying the concrete constitutive model, Cavaleri et al. [2] obtained a rational fraction 39 
equation for stress–strain of limestone, i.e., Equation (2), based on experimental data. Based on 40 
the Kent–Park model, Kaushik et al. [4] developed a two–step equation suitable for clay brick 41 
masonry. This model expressed the first section, i.e., the first 10% of the ascending section and 42 
the descending section, in parabolic form (Equation (3)), and linearly expressed the remainder 43 
of the descending section as the second section (Equation (4)). 44 



 

 45 

Table 1Typical stress–strain models for the compressive strength of rubble stone masonry 46 

Study Equation  Comments 

Nazar et al. [1]  DCBA  234
 (1) Suggested values of A, B, C and D: 

−0.1394, 0.9480, −2.4224 and 2.6158 

Cavaleri et al. [2]  
  2

2

21

1



DA

DA





 

(2) Suggested values of A and D: 2.8 

and 1.2 

Kaushik et al. [4] 22    (3)  9.0,0   

 9.0

9.0

7.0
9.0 


 




 

(4)   ,9.0  

 47 
The compressive strength of masonry can be predicted using the strengths of its base 48 

materials. Eurocode 6 [5] proposed a simple analysis model that expressed the relationship 49 
between the strength of the masonry (fc), the block elements (fb), and the mortar (fm): 50 


mbc fKff   

(5) 

In Equation (5), K, α, and β are all constants. The value of K depends on the masonry units 51 

and mortar joint characteristics. According to Eurocode 6 [5], the value of K ranges from 0.4 to 52 

0.6, and the values of α and β are 0.7 and 0.3, respectively. This model was used in previous 53 

studies [6–8] to predict the strength of masonry constructed by specific blocks with a specific 54 

cement mortar, and those studies suggested values of K, α, and β based on their measured 55 

results (Table 2). 56 

Table 2Common equations used to predict the compressive strength of rubble stone masonry 57 

Study Equation  

Kaushik et al. [4] 32.049.063.0 mbc fff   (6) 

Eurocode 6 [5] 3.07.05.0 mbc fff   (7) 

Dayaratnam [6] 5.05.0275.0 mbc fff   (8) 

Hendry and Malek [7] 208.0531.0317.0 mbc fff   (9) 

Adrian Costigan et al. [8] 5.05.046.0 mbc fff   (10) 

 58 

According to Code for Design of Masonry Structures (GB 50003-2011) [9], an architectural 59 

code in China, the compressive strength of masonry structures should be calculated based on 60 

Equation (11): 61 

  2211 07.01 kffkfc  
 

(11) 

Here, fc denotes the average compressive strength of the masonry in MPa, and f1and f2 62 

represent the average compressive strengths of the block element and the mortar, respectively, 63 

in MPa.k1 and α are the parameters related to the types of block elements and masonries used, 64 

and the values of rubble masonry are 0.22 and 0.5 respectively. k2 denotes the corrected 65 

parameter influenced by the mortar strength, and when f2< 2.5, k2 = 0.4+0.24f2. 66 

In Eurocode 6 [5], the elasticity modulus (E) and the compressive strength (fc) of masonry 67 

was defined as shown in Equation (12). This model has been extensively applied to brick 68 

masonry and hollow concrete block masonry [10, 11].  69 

cKfE   (12) 



 

To analyze the mechanical properties of rubble stone masonry in ancient European 70 

buildings, compression tests were carried out on rubble stone-like masonry walls or 71 

abandoned walls to study their failure mechanisms and strengths [12–17]. The studies used 72 

different methods (e.g., grouting and reinforcement) to consolidate the rubble stone masonry 73 

walls, and the references provided suggestions for the reinforcement and repair of rubble 74 

stone masonry structures in ancient European buildings. Results of previous studies [18–20] 75 

indicated that test costs and periods can be reduced by obtaining the compressive strength 76 

and elasticity modulus of specimens based on tests of prismatic specimens built with the same 77 

materials. Moreover, Eurocode 6 [21] also analyzed the mechanical properties of rubble stone 78 

masonry by testing prismatic specimens. 79 

In summary, many scholars have investigated mechanical properties of traditional 80 

masonry structures, but the mechanical properties of Tibetan rubble stone masonry structures 81 

have rarely been explored. The failure mechanism of Tibetan rubble stone masonry structures 82 

greatly differs from that of conventional masonry structures [22]. In this study, by fully 83 

considering the characteristics of Tibetan rubble stone masonry (i.e., relative size, internal 84 

composition, geometric shape, and structural characteristics), representative prismatic 85 

specimens for compression tests were selected. Based on the basic mechanical parameters 86 

(e.g., compressive strength and stress–strain characteristics) of rubble stone masonry obtained 87 

through uniaxial compression loading, a compressive constitutive model was developed, a 88 

prediction equation for compressive strength was obtained, and the relationship between the 89 

compressive strength and the elasticity modulus of Tibetan rubble stone masonry was 90 

established. 91 

2.Base Materials of Tibetan Rubble Stone Masonry and Its Mechanical Properties 92 

Rubble block and yellow clay are the base materials of Tibetan rubble stone masonry, and 93 
the mechanical parameters of the two significantly influence the compressive bearing capacity 94 
of the masonry structure and the establishment of the constitutive relationship [16]. The stones 95 
used in these experiments were granite commonly found in Tibetan areas, and the strength of 96 
the stones was measured according to the Standard for Test Method of Basic Mechanics Properties 97 
of Masonry [22]. The compressive strength was obtained by a uniaxial compression test 98 
conducted on a 70 mm standard cubic specimen, and the elasticity modulus was determined 99 
by a test performed on a Φ50×100 mm cylindrical specimen. The tensile strength and bending 100 
strength of the materials significantly impact the masonry strength [18–20]. A bending test 101 
was carried out on a cuboid specimen with dimensions of 50×50×250 mm, and a splitting 102 
tensile test was conducted on a Φ50×30 mm cylindrical specimen. These tests for rubble stone 103 
and corresponding failure modes are demonstrated in Figure 1, and the average strength 104 
values are shown in Table 3. 105 

 106 

    

(a)  (b)   (c)  (d) 

Figure 1. Testing of mechanical properties of stone samples: (a) Compressive test;(b) elasticity modulus 

test; (c) bending strength test; (d) splitting tensile strength test 



 

 107 

Table 3 Basic mechanical properties of stone elements 108 

 109 
Yellow clay serves as the bonding material of Tibetan rubble stone masonry, and the test materials 110 

were taken from western Tibetan areas. In masonry, rubble is often caulked with clay and gravel. Gravel 111 
caulking refers to clay mixed with gravel, which is an improvement with respect to clay mortar masonry. 112 
Therefore, the mechanical properties of clay mortar and clay mortar mixed with gravel are tested 113 
respectively. Clay mortar mixed with gravel refers to clay mortar randomly mixed with gravel with 114 
particle sizes of 10–20 mm, and for which the volume of gravel accounts for 10%–15% (Vgravel/Vclay) 115 
according to the practical conditions of masonry. The two types of specimens were both Φ50×100 mm 116 
cylinders. After curing for 28 days under natural conditions, compression tests were performed on the 117 
specimens at a speed of 10 N/s [19, 20, 23]. Table 4 shows the basic properties of the mortar that were 118 
obtained from the tests. 119 

Table 4Basic mechanical parameters of clay mortar 120 

Bonding 

material 

With 

gravel or 

not 

Initial moisture 

content 

(mwater/mclay) (%) 

Initial 

density 

(kg/m3) 

28 d volume 

shrinkage 

(ΔV/V) (%) 

Average 

compressive 

strength (MPa) 

Clay 

mortar 

No 26.7 1702.7 15.7 1.0 

Yes 1763.5 14.5 1.3 

 121 

3.Compression Test of Tibetan Rubble Stone Masonry Structures 122 

The two layers of rubble, i.e., inner and outer, bear the primary portion of the load in 123 
Tibetan stone masonry. To simplify the compression test, the middle inter-layer was removed, 124 
and a basic study was performed on the Tibetan rubble stone masonry, as shown in Figure 125 
2(a). According to the European standard EN1052-1 [24], prismatic specimens should contain 126 
at least three layers and at least one joint. Based on the characteristics of Tibetan walls and 127 
experimental conditions, when the height to thickness ratio (h/t) is greater than 2, the 128 
boundary effect will be insignificant [22]. The dimensions of the specimens used in this study 129 
were approximately 500×300×600 mm (length × thickness × height). For this test, eight rubble 130 
prismatic specimens in two groups were designed. Constructed together by clay (SPAi) and 131 
gravel (SPBi), respectively, the specimens in the two groups were built in batches by local 132 
traditional technology. The lengths, widths, and thicknesses of the rubble specimens ranged 133 
from 150 to 250 mm, 100 to 200 mm, and 40 to 70 mm, respectively. Each layer of clay was 134 
approximately 10 mm thick, and the ratio of the clay’s volume to the material block’s volume 135 
in each specimen was near 1:4. Figure 2 shows photographs of the specimens. To ensure 136 
uniform contact between the specimens and the loading platform of the testing machine, the 137 
specimens were built on a flat plate, and the upper and lower surfaces were leveled with 1:3 138 
mortar that had thicknesses of approximately 1 cm [23]. 139 

Stone 
Density 

(kg/m3) 

Compressive 

strength (MPa) 

Bending 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elasticity 

modulus 

(MPa) 

Granite  2625 94.14 15.65 3.79 36.80 



 

   

(a)  (b)  (c) 

Figure 2 Cross-sectional structures and specimens of Tibetan rubble stone masonry: (a) actual 

cross-sectional structure of Tibetan rubble walls; (b) clay caulking specimens; (c) gravel caulking 

specimens 

 140 
The specimens were cured under natural conditions for 28 days. Thereafter, loads were 141 

applied by a 5000-kN electro-hydraulic servo-controlled machine, which are shown in Figure 142 
3. Since the testing machine had great rigidity, it could apply loads at fixed strain rates. Based 143 
on prior research results [19, 20, 22], the loading speed was chosen to be 2 mm/min. The testing 144 
machine was equipped with a built–in sensing system, and the vertical displacement of the 145 
testing machine was taken to be the vertical deformation of the specimens. 146 
 147 

  

(a) (b) 

Figure 3Loading setup on the testing devices: (a) clay caulking specimens; (b) gravel caulking specimens. 

 148 
Figure 4 shows the measured compressive stress–strain curves of rubble prisms 149 

constructed using two different masonry processes, i.e., clay caulking and gravel caulking. 150 
The stress was obtained by dividing the compressive load by the cross-sectional area (F/A), 151 
and the strain was calculated by dividing the amount of axial compression of the specimen by 152 
its initial height (ΔH/H). To reduce the impact of cracks on the mechanical properties of the 153 
specimens during the initial compression stage [8, 20, 22], the slope within the peak load of 154 
30–60% was used to express the elasticity modulus of Tibetan rubble stone masonry. Table 5 155 
shows the parameters of the masonry, e.g., the compressive strength and the elasticity 156 
modulus, which were derived from the measured results 157 



 

   158 
Figure 4 Measurement of full stress–strain curves of compressive strength 159 

Table 5 Basic mechanical parameters of specimens 160 

Type and No. of 

specimens 

Cracking 

loadfcr 

(kN) 

Peak 

load 

fp(kN) 

Initial 

cracking 

coefficient 

fcr/fp 

Compressive 

strength 

fc(MPa) 

p  
E(30–60%) 

(MPa) 

Clay 

caulking 

specimens 

(SPA) 

1 109.9 294.1 0.374 2.04 0.069 40.38 

2 96.0 271.9 0.353 1.86 0.072 37.49 

3 109.6 309.5 0.354 2.26 0.067 38.19 

4 95.5 325.5 0.293 2.29 0.066 49.77 

Mean (standard 

deviation) 

102.8 

(8.09) 

300.3 

(22.84) 

0.342 

(0.10) 

2.11 

(0.20) 

0.068 

(0.10) 

41.46 

(5.68) 

Gravel 

caulking 

specimens 

(SPB) 

1 155.7 383.8 0.406 2.68 0.055 69.97 

2 90.7 370.4 0.245 2.50 0.058 65.51 

3 154.4 401.1 0.385 2.64 0.047 79.44 

4 134.4 392.9 0.342 2.58 0.052 76.51 

Mean (standard 

deviation) 

133.8 

(30.34) 

387.1 

(13.16) 

0.346 

(0.10) 

2.60 

(0.10) 

0.053 

(0.10) 

72.86 

(6.65) 

Notes: p  denotes peak strain, which is the ratio of the peak displacement to the total height 161 

of a specimen. 162 

 163 

The stress–strain curves in Figure 4 show that although the two different types of prisms 164 

behaved differently under vertical loading in terms of deformation, cracking, and failure 165 

characteristics, all the specimens underwent the same four general stages: the clay and void 166 

compaction stage, the stone unit cracking stage, the compaction strengthening stage, and the 167 

instability failure stage. Figure 5 shows the typical variation stages of the stress–strain curves. 168 

 169 
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（a） （b） 

Figure 5 Typical variation stages of the stress–strain curves: （a）clay fill; （b）gravel stone fill 

 170 
The following paragraphs provide summaries of the four stages experienced by the two 171 

types of prismatic specimens, from compression to failure. These summaries were based on 172 
the test results and the various stages as expressed by the stress–strain curves. 173 

For clay caulking specimens (SPAi), the internal cracks and bonding materials were 174 
gradually compacted during initial loading, and the joint layers gradually thinned as the load 175 
increased. However, the block material remained nearly unchanged, with the stress–strain 176 
curve showing a downward convex trend, as illustrated by Stage O-A in Figure 5(a). During 177 
the stone unit cracking stage, the load changed suddenly after the block material cracked. The 178 
stone continued to crack as the load increased, and cracks developed up and down along the 179 
vertical joints, causing the curve to present a changing sawtooth growth tendency, as shown in 180 
Figure 6(a) and by Stage A-B in Figure 5(a). The amount of compression of the specimens was 181 
smaller in this stage than in the previous stage. The specimens were further compressed in the 182 
third stage, namely Stage B-C in Figure 5(a), with the amount of compression significantly 183 
reduced from that in the previous two stages. The cracks penetrated along the vertical joints to 184 
form vertical run-through crack, as shown in Figure 6(b). The out–of–plane displacement 185 
increased with  obvious gaps between two stone layers, and the compression curve became 186 
fluctuated, forming an ascending section similar to that in the first stage. During Stage C-D in 187 
Figure 5(a), the instability failure stage, the gaps between the two layers and the out–of–plane 188 
displacements increased sharply and the specimens experienced instability failure, as shown 189 
in Figure 6(c). 190 

 191 

   

（a） （b） （c） 

Figure 6. Typical stages of compression failure of clay caulking specimens (SPA1): （a）

cracking of stone elements; （b）formation of vertical through joints; （c）instability failure 

Cracks 



 

 192 
Generally, the compression of the gravel caulking specimens (SPBi) was similar to that of 193 

the clay caulking specimens, and could be divided into approximately the same four stages 194 
(Figure 5(b)). Similarly to the clay caulking specimens, the gravel caulking specimens 195 
underwent some linear elastic changes in the initial compression stage, with less axial 196 
compression. The stress in the cracking sections of the stones changed less and the slope of the 197 
curve was larger. In the compaction strengthening stage, the gravel caulking specimens had 198 
visibly reduced compaction and significantly increased strengthening. In the instability failure 199 
stage, the curve for the gravel caulking specimens descended more gently than that for the 200 
clay caulking specimens, with the stripping of the two stone layers less obvious than that of 201 
the clay caulking specimens. 202 

To further study the mechanical characteristics of Tibetan rubble stone masonry, 203 
compression tests were conducted on two groups (six pieces) of small prismatic specimens 204 
with dimensions of 500×300×400 mm (consistent with research results obtained by Garcia et al. 205 
[18–20]). Results acquired including the compressive strength and the elasticity modulus 206 
(Table 6), as well as failure processes and morphologies similar to those described above. 207 

Table 6 The compressive strength and the elasticity modulus of small prismatic specimens 208 

Type and No. of 

specimens 

SSPA1 SSPA2 SSPA3 Mean  SSPB1 SSPB2 SSPB3 Mean 

Compressive strength 

fc(MPa) 

2.79 2.89 2.70 2.80 3.22 3.59 3.59 3.47 

E(30–60%) (MPa) 29.96 28.92 37.76 31.72 60.43 63.41 76.86 66.41 

Notes: The principle of numbering the specimens is the same as mentioned above, with A 209 

representing clay caulking specimens and B denoting gravel caulking specimens. 210 

4. Constitutive Models 211 

The stress–strain curves show that each group of specimens presented some distinctness; 212 
however, they all followed a similar four–stage variation trend. To study the common 213 
variation features of stress–strain curves of the two types of rubble stone masonry structures 214 
under compression and establish a unified constitutive model, the stress-strain curves were 215 

non-dimensionalized. With the ratio of the compression axial stress to peak stress ( c / ) as 216 

the Y coordinate and the ratio of axial strain to peak stress corresponding to peak strain (
P /217 

) as the X coordinate, dimensionless stress–strain characteristic curves were drawn in Figure 8. 218 
 219 

 

Figure 8Typical dimensionless stress–strain characteristic curves of Tibetan rubble stone 

masonry. 



 

 220 
In Figure 8, all points of the characteristic curves were analyzed based on the whole 221 

compression processes of the prismatic specimens, and it was observed that Points A-E had 222 
clear physical significance. Point A marks the end of the compaction of clay with cracks, Point 223 
B is the macroscopic cracking point with corresponding to the cracking load, point C is the 224 
peak strength point of the specimens, point D refers to the instability failure point, and Point E 225 
is the initial point of continuous compaction and strengthening peculiar to Tibetan rubble 226 
stone masonry. Overall, the growth rate of compressive strength in the rising section increased 227 
first, then remained constant, and finally decreased. The curve was approximately a straight 228 
line when the specimens were under stable stress, and the slope of the curve was zero when 229 
the peak strength (Point C) was reached, which was similar to the characteristic curves of 230 
ordinary brick masonry structures. In this study, the boundary conditions of the ascending 231 
and descending sections of the compression characteristic curves for Tibetan rubble stone 232 
masonry structures were described by the following mathematical relationships: 233 

(1) 0.1x , 0.1y ； 234 

(2) 0.1x , 0.1y ,and 00.1 x
dx

dy
; 235 

(3) When x <xA, ；0＞
2

2

dx

dy
and 0

2

2


A

xx
dx

dy
, there is an inflection point in the ascending 236 

section of the curve; when xE<x < 1.0, 0＜
2

2

dx

dy
; 237 

(4) For the full curve, when 1x , 10  y . 238 

Based on currently available constitutive equations of masonry structures with weak 239 
joints or large numbers of voids [22, 25, 26], a simple two-step empirical equation was 240 
adopted, in which the ascending section was expressed by a simple rational fraction (Equation 241 
(13)), and the descending section was expressed by a simple parabolic quadratic equation 242 
(Equation (14)). 243 
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 244 
By substituting Equations (13) and (14) into the above boundary conditions, a two–step 245 
equation, Equation (15), was obtained: 246 
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 247 
In Equation (15), parameter a denotes the ratio of the secant modulus corresponding to 248 

the peak point of prismatic specimens to the initial tangent modulus. 249 
Although the above two–step equation reflects well the whole process of Tibetan rubble 250 

stone masonry under uniaxial compression, the equation was obtained based on discrete and 251 
limited test data. Additionally, once built, Tibetan rubble stone masonry will complete the 252 
compaction of clay and voids under the influence of self–weight, which causes the first stage 253 
of compression to be approximately an elastic state. Hence, the above constitutive model has 254 
some limitations. To reduce the impact of data dispersion, the compression constitutive model 255 



 

was modified based on damage theory and probability statistics. First, the initial concave part 256 
of the stress–strain curve was simplified and replaced by a straight line, making it more 257 
consistent with practical conditions and convenient for application. Silva et al. [13] replaced 258 
the initial concave portion of the curve with a convex parabola. When simplifying the curve in 259 
this study, a straight line with a slope of E was used to replace the curve before the inflection 260 
point of the concave ascending section, and the origin of the coordinates was moved to the 261 
intersection of the straight line and the x axis (residual deformation). Figure 9 shows the 262 
simplified stress–strain curve. 263 

 264 

 

Figure 9Simplified stress–strain curves 

 265 
Tibetan rubble stone masonry is a quasi-brittle material whose damage type is similar to 266 

that of brick masonry. Its damage refers to brittle damage caused by the propagation of 267 
discontinuous initial micro-cracks as well as the initiation and propagation of new 268 
micro-cracks. From a macroscopic perspective, the specimens were broken into several small 269 
columns parallel to the stress direction under uniaxial compression. Then, the evolutionary 270 
pattern of damage of Tibetan rubble stone masonry under uniaxial compression was 271 
simulated with reference to the parallel bar model (PBS), a meso-statistical damage model. A 272 
specimen was divided into N elastic links with equal areas along the vertical compressive 273 
stress, and the upper and lower sides of the specimen were connected by rigid bodies to 274 
ensure coordinated and equal deformation of each link in the direction of vertical compressive 275 
stress. The masonry would produce certain strain under an axial compressive load. According 276 
to the principle of continuous damage mechanics and strain equivalence [27], damaged 277 
materials satisfy the following constitutive relationship: 278 

  DE  1

 
(16) 

In Equation (16), E denotes the elasticity modulus of the masonry, ε is the compressive strain, 279 
and D is the damage variable that refers to damage caused by compressive stress. 280 

Previous studies have shown that when quasi-brittle materials such as brick masonry and 281 
rock are damaged, their breaking strengths obey the Weibull statistical distribution [28,29]. 282 
The failure of Tibetan rubble stone masonry was assumed to obey the Weibull statistical 283 
distribution, and the probability density of the strengths of the rubble micro-elements was 284 
defined as 285 
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（17） 

where a and m are the parameters of the Weibull distribution. 286 

The macro-damage of the masonry is a conglomeration of the damage and deterioration 287 
of meso-elements. The development of the masonry structure from an undamaged state to a 288 
completely damaged state is a continuous process where the damage increases over time. 289 
Therefore, a damage variable, D, was defined: 290 

   























































 

 mmm

a
dx

a

x

a

x

a

m
dxxD




exp1exp
0

1

0

 

(18) 

By substituting the damage variable into the stress–strain relationship, Equation (19) was 291 
obtained: 292 
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(19) 

The values of a and m in Equation (19) were determined by the uniaxial compression tests. 293 
According to the characteristics and boundary conditions of stress–strain curves for masonry 294 
under uniaxial compression, a constitutive model for Tibetan rubble stone masonry under 295 
uniaxial compression was developed: 296 
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(20) 

To compare the experimental results with the results obtained by the stress–strain 297 

relationship prediction model, Equation (20) and the stress-strain curve were normalized, and 298 
Equation (21) was obtained: 299 
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When yc  /  and xp  / , the constitutive relationship could be simplified: 301 
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 302 

Figure 10 compares the results obtained by the stress–strain prediction model and the 303 

experimental results. In general, the two models proposed in this study were consistent with 304 

the stress–strain curves from the experimental results. The prediction models proposed by 305 

Nazar [1] and Cavaleri [2] agree with the simplified stress–strain curves. However, there are 306 

differences between them in the initial compression stage. The parabolic prediction model 307 

proposed by Kaushik [4] is not applicable to predicting the stress–strain curves of Tibetan 308 

rubble stone masonry. During the instability failure stage, the resistance forces of Tibetan 309 
rubble stone masonry come from the adhesive forces between blocks, so the descending 310 
section of the curve had discrete features, and many models had poor prediction performance 311 
for this section. 312 

5. Prediction of Compressive Strengths 313 

As shown in Tables 3 and 6, the compressive strength of rubble prisms is characterized by 314 
discrete features, and the gravel caulking masonry process with an improved bonding 315 
material could improve the bearing capacity of the masonry structures by about 23%. The two 316 
rubble stone masonry structures with different masonry processes generally had low 317 

compressive strengths. These results are similar to results obtained by Garcia et al. [18–20], 318 

who stuck natural stones together with weak joint mortars such as lime. To compare 319 

prismatic specimens with standard specimens defined by relevant codes in terms of 320 

compressive strength, based on the influences of the height–thickness ratio (h/t) of masonry 321 

on its compressive strength (as emphasized by Gumaste et al. [30, 31]), this study ’ s 322 

experimental results were corrected with specific revised parameters and the results are 323 
shown in Table 7. 324 

Table 7 Corrected height to thickness ratio and strength 325 

Type and No. of 

specimens 

Height to 

thickness ratio h/t 

Correction 

coefficient 

Corrected 

strength (MPa) 

Average 

strength 

after 

(a)                                      (b) 

 

(c)                                  (d) 

Figure 10. Comparison of results obtained by the stress–strain prediction model and the 

experimental results: (a) Comparison of the proposed model with experimental results of 

SPAi; (b) Comparison of the proposed model with experimental results of SPBi; (c) 

Comparison of the models from literature with experimental results of SPAi; (d) 

Comparison of the models from literature with experimental results of SPBi. 
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correction 

(MPa) 

Clay caulking 

specimen (SPA) 

1 2.00 0.730 1.489 1.553 

2 2.07 0.740 1.376 

3 2.05 0.737 1.666 

4 2.03 0.734 1.681 

Gravel caulking 

specimen (SPB) 

1 2.03 0.734 1.967 1.895 

2 1.98 0.726 1.815 

3 1.97 0.725 1.914 

4 2.00 0.730 1.883 

 326 
The corrected compressive strength results were compared with results calculated by 327 

standard equations and currently available masonry compressive strength prediction 328 
equations (Table 2). The comparison is provided in Table 8. 329 

Table 8Comparison of theoretical and experimental results 330 

 Clay caulking Gravel caulking 

Kaushik et al. [4] 5.840 6.351 

Eurocode [5] 8.666 9.376 

Dayaratnam et al. [6] 2.668 3.042 

Hendry and Malek [7] 3.540 3.739 

Adrian Costigan et al. [8] 4.462 5.088 

GB 50003-2011 [9] 1.461 1.658 

This study 1.553 1.895 

 331 
As shown in Table 8, most of the theoretical values differed significantly from the 332 

experimental results because each prediction equation was developed for specific materials 333 
and masonry types. García et al. [18, 19] noted that predicting the compressive strength of 334 
low-strength mortar masonry using these equations would lead to large errors, especially 335 
when the ratio of block strength to mortar strength exceeded 10, and the prediction results 336 
were unreliable. Considering the complexity and discontinuity of Tibetan rubble stone 337 
masonry structures, and according to currently available methods in defining the parameters 338 
in the prediction equations, a prediction equation (Equation (23)) was developed. This 339 

equation was established using regression methods based on this study’s experimental data 340 

and is suitable for predicting the compressive strength of Tibetan rubble stone masonry. 341 

 342 

 343 

6. Relationship between Compressive Strength and Elasticity Modulus 344 

To design the masonry structure, the relationship between compressive strength and the 345 

elasticity modulus was analyzed. Though the two parameters were not theoretically 346 

correlated, there is practical value in exploring the relationship between the two[10]. 347 

According to the experimental results, the elasticity modulus of Tibetan rubble stone 348 

masonry structures built by two different masonry processes (i.e., clay caulking and gravel 349 

caulking) were within the ranges of 37.49–49.77 MPa and 65.51–79.44 MPa. To reflect the 350 

relationship between the elasticity modulus and the compressive strength as precisely as 351 

72.028.044.0 mbc fff   
(23) 



 

possible, many data were collected for the compressive strength of Tibetan rubble stone 352 

masonry. Using linear regression on the collected results and this study’s experimental results 353 

(Figure 11), relationships between the elasticity modulus and the compressive strength of clay 354 

caulking specimens andgravel caulking specimens were obtained as mm fE 89.16   and355 

mm fE 44.22  , respectively. 356 

 357 

  

Figure 11Relationship between the compressive strength and the elasticity modulus of rubble stone 

masonry 

6.Conclusions 358 

This study used compression tests on typical rubble prismatic specimens to explore the 359 
compression failure mode and stress mechanisms of prismatic specimens. A comparative 360 

analysis of compressive strength and stress–strain characteristics was also performed, and the 361 

following conclusions were obtained: 362 
1. Due to the irregular shapes and sizes of natural stones, different masonry techniques, 363 

and the uncertainty of the geometric arrangement of the block materials, the compressive 364 
mechanical properties of Tibetan rubble stone masonry are characterized by significant 365 

discreteness. Therefore, unlike the stress–strain curves for ordinary brick masonry structures, 366 

the curves for the entire compression processes of Tibetan rubble stone masonry show 367 
significant nonlinear characteristics. 368 

2. The stress–strain curves for different Tibetan rubble stone masonry specimens follow 369 

specific patterns. In this study, two simple constitutive models were proposed based on the 370 
general trend of these curves. 371 

3. Based on this study’s experimental results, equations were developed to predict the 372 

compressive strength of Tibetan rubble stone masonry. Combined with currently available 373 
research results, the linear relationship between the compressive strength and the elasticity 374 
modulus of Tibetan rubble stone masonry was established through regression analysis. 375 
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