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Abstract 6 

 Ultra-high performance concrete (UHPC) has been gradually used in structure 7 

engineering due to its excellent mechanical performance, however, predicting the 8 

shear capacity of the UHPC beams is still a challenge, especially for the beams with 9 

small shear span to depth ratios. To address this issue, this paper devotes to 10 

developing a rational model to predict the shear capacity of the UHPC beams with 11 

stirrups based on the modified compression field theory (MCFT) and plastic theory. 12 

The shear force will be balanced by the stirrups, matrix, fibers and shear compression 13 

zone. The contribution of stirrups, matrix and fibers on shear capacity can be 14 

predicted by MCFT, and the contribution of compression zone is determined based on 15 

plastic theory. 12 UHPC beams was designed and tested to validate the proposed 16 

model. It can be found that the predictions agree well with test results, while the 17 

current design codes, including SETRA-AFGC and SIA, give overly conservative 18 

values for UHPC beams when the shear to span is less than 2.5. 19 

Keywords: UHPC, Shear capacity, MCFT, crack angle, shear span to depth ratios 20 
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Introduction 21 

Ultra-high performance concrete (UHPC) has been gradually used in bridge 22 

engineering due to its higher compression strength and better crack resistance 
1
. Over 23 

the past two decades, many efforts had been done on the composition
 2

, mechanical 24 

properties 
3
, and structural behavior of UHPC members 

4
. To date, effective methods 25 

for predicting the bending behavior of UHPC beams had been developed based on the 26 

plane section assumption, and validated by various test results 
5
, which had been 27 

included in the current design codes 
6-8

. While, as for the shear behavior of the UHPC 28 

beams, it seems that the estimation calculated based on the design codes had a great 29 

discrepancy with the experimental results 
9-11

, especially for the UHPC beams with 30 

small shear span to depth ratios. 31 

Actually, the shear behavior of UHPC beams was effected by many factors, such 32 

as details of reinforcement bars and stirrups, shear span to depth ratios. Nowadays, 33 

five main methods were developed to predict the shear strength of the UHPC beams, 34 

that is, empirical method, truss model, limit equilibrium theory, plastic theory and 35 

modified compression field theory (MCFT). Empirical equations were proposed to 36 

predict the shear strength of the UHPC beams based on the test results 
12

, however, 37 

the coefficients in the equations lacked physical meaning and were hard to define, 38 

which lead a very limited application. The truss model was widely accepted to 39 

estimate the shear capacity of the beams. Based on the rotating-angle softened truss 40 

model, the contribution of the matrix, stirrups and steel fibers to the shear strength can 41 

be determined respectively, and then the shear strength of UHPC beams can be 42 
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estimated. This method was included in the design codes of JSCE
 6

, AFGC 
7 
and SIA 

8
. 43 

In 2017, Ma et al. 
13 

collected the tested shear capacity of 51 UHPC beams, and they 44 

stated that the truss model cannot predict the shear capacity of UHPC beams with 45 

satisfactory accuracy, especially for the UHPC beams with small shear span to depth 46 

ratios (1 2  ), the maximum relative error was up to 28%.  47 

As for the limit equilibrium theory, the shear force was assumed to be balanced 48 

by the stirrups, matrix, steel fibers, aggregate interlock forces and friction forces at 49 

crack interface, thus the limit equilibrium equations of the two parts divided by the 50 

main diagonal crack can be determined following the failure criterion of the UHPC. 51 

The shear strength can be obtained by introducing the deformation equations. 52 

However, the stress distribution in the shear compression zone and the horizontal 53 

projected length of the diagonal crack were hard to determine. In 2014, Xu and Deng.
 

54 

14
 tested a series of UHPC beams with different shear span to depth ratios, and the test 55 

results show that the maximum relative errors between the predictions of limit 56 

equilibrium theory and test results reached 34% for the UHPC beams with small shear 57 

span to depth ratios. As for the method based on the plastic theory, the reinforcement 58 

bars and concrete were assumed to the perfect elasto-plastic materials, and then the 59 

upper-bound solution obtained by the given yield criterion can be regarded as the 60 

shear capacity of UHPC beams. However, the plasticity coefficient was hard to 61 

quantify. In 2010, following the plastic theory, Voo et al. 
15 

proposed equations to 62 

estimate the shear capacity of UHPC beam without stirrups. The maximum relative 63 

errors of the predictions and test result was up to 25%, because the critical diagonal 64 
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crack was assumed to approach the top of the beam, and the contribution of the shear 65 

compression zone was omitted.  66 

The MCFT, proposed by Collins et al. 
16

, had been widely used as an effective 67 

tool to calculate the shear strength of concrete beams, and included in current design 68 

codes. In 2010, Charles et al. 
17 

designed and tested 6 UHPC beams, the study showed 69 

that the calculations of MCFT were conservative compared with the test results, the 70 

relative error was varied from 19% to 59%. Same conclusions can be found in other 71 

related research works 
10,11

. The predictions were less than the test results because the 72 

contribution of the shear compression zone on shear strength was neglected in MCFT.  73 

As can be seen, although there are various of methods to calculate the shear 74 

capacity of UHPC beams, the predictions are found to be conservative, especially for 75 

UHPC beams with small shear span to depth ratios (1 2  ). To this end, this paper 76 

devotes to develop a rational model to predict the shear capacity of the UHPC beams 77 

with stirrups based on MCFT and plastic theory. The contribution of stirrups, matrix 78 

and fibers on shear capacity can be determined by MCFT, and the contribution of 79 

compression zone will be determined based on plastic theory. 80 

Shear strength of UHPC beams 81 

As for the UHPC beams at the ultimate limit state, the shear force will be 82 

balanced by the stirrups, matrix, fibers and shear compression zone, as shown in Fig. 83 

1. Thus the shear strength of UHPC beams can be given by  84 

 c sf sv
V V V V    (1) 85 
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Contribution of the stirrups 
sv

V , matrix and fibers 
sf

V  can be determined by 86 

MCFT, and the contribution of the shear compression zone, 
c

V , will be predicted by 87 

the plastic theory. 88 

Contribution of stirrups and materials based on MCFT 89 

equilibrium conditions  90 

Fig. 2 shows the stresses station of the UHPC elements under pure shear, where 91 

  is the shear stress; 
1f  and 

2f  are the principal tensile stress and compressive 92 

stress of the UHPC elements, respectively;   is the crack angle. Based on the 93 

assumption that the shear stress,  , on flat section is uniformly distributed, it can be 94 

obtained 95 

 =
v

V

bd
  (2) 96 

in which, V  is the shear force, b  and 
v

d  are the thickness and internal lever arm 97 

of the UHPC beam, respectively. 98 

According to Mohr circle, we have 99 

 1 2 = (tan +cot )= (tan +cot )
v

V
f f

bd
      (3) 100 

According to the equilibrium condition in the vertical direction, we have 101 

 
2 2

2 1=( sin - cos )v vA f f f bs   (4) 102 

where, 
v

A ，
v

f  and s  are the area, stress and spacing of the stirrups, respectively. 103 

Substituting Eq. (3) into Eq. (4), the shear force can be derived by   104 
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 1= cot cotv v

v v

A f
V d f d t

s
   (5) 105 

The first item in the formula can be regarded as the contribution of stirrups ( sv
V ) 106 

and the second item can be regarded as the contribution of UHPC matrix and fibers 107 

(
sf

V ).  108 

compatibility conditions 109 

Assuming that the principal stress direction is consistent with the strain direction, 110 

thus, the average strain of UHPC can be obtained based on the Mohr circle 111 

 
2 2

2

tan = x

y

 
 

  (6a) 112 

 1 2=
x y

      (6b) 113 

 2=2( )cot
xy x

     (6c) 114 

in which, 
1  and 

2  are the principal strain of UHPC members parallel to and 115 

perpendicular to the crack; 
x
  and y

  are the strain in UHPC in longitudinal and 116 

transverse direction, respectively; xy
  is the shear strain.  117 

Transmitting forces across cracks 118 

As for the normal concrete structure, the shear force was balanced by the stirrups 119 

and aggregate interlock with cracks, while as for the UHPC, the contribution of fiber 120 

shall be taken into account as shown in Fig. 3. According to Stroeven 
18

, the stress at 121 

cracks can be given by  122 
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1 8

= (1+ )(1- )
3 2

f

f f

f f

d w
v K

l l
   (7) 123 

in which, 
f

d  and 
f

l  are the fiber diameter and length, respectively. 
f

v  is the fiber 124 

volume fraction, 1.354=1.11( )
f ct

f  is the friction resistance in pullout between fiber 125 

and concrete 
19

; K  defines the degree of planar orientation, which is primarily due to 126 

reorientation of fibers caused by filling the mold and by compaction, and can be 127 

determined by the SETRA-AFGC 
7
. 

1=w s  is the average cracking width, s  is 128 

the average crack space and can be obtained by 
20

 129 

 =
4

f ct

f f

d f
s

Kv
   (8) 130 

According to the equilibrium condition of the cracks 131 

 1

1
cos cos cos cos sin (1 )

tan
v v v vcr ci ci A

f f f f n         


       (9) 132 

where,  is the inclined crack angle; 
v

A  and 
v

f  are the area and average stress of 133 

the stirrups; 
vcr

f  is the stress of the stirrups at cracks; ci
f  is the compressive stress 134 

at the crack; 
A

n  is the number of fibers in unit area; 
ci

v  is the shear stress across the 135 

crack. 136 

Moreover, the stress in the reinforcement at a crack cannot exceed the yield 137 

strength, that is, the maximum principal tensile stress can be obtained by  138 

 
1max

( )
(1 tan )

v vy v

A

A f f
f n

bs
 


    (10) 139 

in which, vy
f  is the yield strength of the stirrups.  140 
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Constitutive laws for UHPC 141 

The behavior of the reinforcement bars is assumed to be perfect elasto-plastic, 142 

that is, the stress-strain relationships can be given by 143 

 s s sx sy
E f    (11) 144 

In which，
s

E  and 
sy

f  are the modulus and yield stress of the bars. 145 

According to the research of Yuan 
21

, the tensile stress-strain relationships for 146 

UHPC can be obtained by  147 

 

,

1 0.75
,

1

c cr

t

c cr cr

E

E

  
    




   

 (12) 148 

in which， 1

0.005

cr
  

  149 

As for the compression behavior of UHPC, the stress-strain relationships can be 150 

given by
 22

 151 

 
2

2max=
1 ( -2)

c

n
f

n

 





 (13a) 152 

 2max

1

'
=

0.8 113

c
f

f
  (13b) 153 

where，
0= /   ; 

0 = 0.0035   is the strain of UHPC corresponding to the peak 154 

stress; '
c

f  is the compressive strength of UHPC; /
s c

n E E , 
c

E  and 
s

E  are the 155 

Young's modulus and secant modulus at peak, respectively. 156 
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Contribution of compression zone 157 

UHPC beams with shear and moment 158 

Assuming that the UHPC beams with shear and moments conforms to the plane 159 

section assumption as shown in Fig. 4. The tensile stress at the bottom of the UHPC 160 

beam caused by the moment will reduce the strain induced by shear force. According 161 

to the layer model in MCFT
 23

, it can be assumed that the longitudinal cross section 162 

strain of the beam at the height of / 3h  is equal to the strain calculated by Eq. (6). 163 

Thus, the strain at the cross section can be expressed as follows 164 

 
0

'
=

2 / 3 '

c x sx s

s
c h c h c c a

   
 

    (14) 165 

in which, c  is the height of the compression zone; 
c
  is the compressive strain at 166 

the top cross section;  
sx
  is the longitudinal strain of the reinforcement bars.  167 

Therefore, c  can be derived by  168 

 
2

=
3( )

c

x c

h
c


   (15) 169 

According to the stress strain relationships of UHPC, the resultant compressive 170 

force can be obtained by  171 

 1
0

( ) = '
c

c c c
F bdy f bc     (16) 172 

in which, 2

1

0 0

1
= ( )

3

c c
 
 

 . 173 

Then, the distance between the compressive force and longitudinal steel can be 174 

given by 175 
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 0 0
0 0

0

(4 / )

2 (6 2 / )

c

c

c c

bydy c
d h c h

F

  
 


    


  (17) 176 

The moment and axial force at the cross section can be expressed by  177 

 
2

0' ' ' ( ) / 2P c s s s AM F d E A n b h c      (18) 178 

 ' ' '
P s s sx s s s c

F E A E A F     (19) 179 

Shear force balanced by compression zone 180 

Compressive stress and shear stress acted on the compressive zone, and the 181 

criterion of Mohr-Coulomb with tension cutoff is adopted to characterize the stress 182 

state at the ultimate limit state as shown in Fig. 5. The stress in the Mohr circle can be 183 

expressed by  184 

 2 2=- ( ) sin
2 2

y y

xy

 
     (20a) 185 

 2 2= ( ) cos
2

y

xy


    (20b) 186 

According to the criterion of Mohr-Coulomb 187 

  0= tan     (21) 188 

Substituting Eq. (20) into Eq. (21), it yields 189 

 
2

2 2 2

0 0

cos
= cos sin cos

4
xy y y

          (22) 190 

According to the test results of the UHPC under uniaxial compression, the 191 

compressive strength can be expressed by 192 
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 0'=2 (tan sec )
c

f     (23) 193 

in which 194 

 

2

0

2

0

0.5 '
( ) 1

sin =
0.5 '

( ) 1

c

c

f

f








 (24) 195 

The above equations are available to get 196 

 
2= 1 ( 1) ( )

' ' '

xy y y

c c c

m m
f f f

  
    (25) 197 

where，the parameters 0 = '/ 2
t c

f f  and '/ 2
c t

m f f . 198 

According to the experimental research conducted by Xu and Deng [14]，the 199 

relationship between tensile strength and compressive strength of UHPC can be 200 

expressed by =0.0353 '
t c

f f . Then the criterion of the UHPC under combined 201 

compression and shear can be illustrated as shown in Fig. 6. It can be seen that the 202 

criterion for the compression zone can be approximated by  203 

 
1

2

=0.07 ' 0.2 / ' 0.5

=0.26 ' 0.18 0.5 / ' 1

c c c c

c c c c

f f

f f

  
  

 
   

 (26) 204 

Then the shear forces balanced by the compression zone can be derived by 205 

 
1

1
1 2

0 0
= +

c c c

c
c

V bdy bdy bdy       (27) 206 

in which, 
1 '/ 2

c c c
c cf E  . 207 

Then the axial force induced by the shear can be given by 208 

 1cot
V v

F V f bd   (28) 209 
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Shear strength of UHPC beam based on MCFT 210 

Following the theory of MCFT, and taking into account the contribution of the 211 

compression zone, the shear strength of the UHPC beams with shear and moment can 212 

be predicted as shown in Fig. 7. The main steps for shear strength prediction of UHPC 213 

beams are as follows: 214 

1. Choose a value of 
1  at which to perform the calculation. 215 

2. The inclination of principal strain is assumed to be  . 216 

3. The stress of the stirrups is assumed to be 
v

f . 217 

4. Calculate the principal tensile stress of the UHPC elements, 1f , based on the 218 

constitutive laws for UHPC and estimation the maximum principal tensile stress, 219 

1maxf , following Eq. (10). 220 

5. Determine the shear contribution of stirrups and UHPC matrix and fibers 221 

based on Eq. (5). 222 

6. Estimate the principal compressive stress, 2f , via equilibrium conditions, and 223 

the maximum stress of the UHPC, 2maxf , following the constitutive laws. If 224 

2 2maxf f , go to step 7; if not, the UHPC struts crushed, the computation finished. 225 

7. Determine the principal compressive strain, 2 , according to the constitutive 226 

laws, and compute the longitudinal strain, 
x
  , and vertical strain, y

 , of UHPC 227 

based on the compatibility equations Eq. (6).  228 

8. Calculate the average stress of stirrup =
v s y vy

f E f  . If 
v

f  is equal to the 229 

assumed value in step 3, go to the next step; if not, go to step 3 and reassumed the 230 

stirrup stress. 231 
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9. Assume that the longitudinal strain of the UHPC cross section at h/3 is equal 232 

to 
x
  calculated in step 7, and the strain of at the top of beam is assumed to be 

c
 . 233 

Estimate the strain distribution of UHPC cross section based on the plane section 234 

assumption. 235 

10. Calculate the moment, 
P

M  and the axial force, 
P

F , at the UHPC cross 236 

section induced by the moment based on Eq. (18) and Eq. (19). 237 

11. Determine the shear strength, 
c

V , contributed to the compression zone 238 

according to Eq. (16), then the shear strength, V , of UHPC beams with shear and 239 

moment can be obtained following Eq. (1). If =
P

M Va , go to step 12; if not, go to 240 

step 9 and adjust the value of 
c
 . 241 

12. Estimate the axial force induced by the shear according to Eq. (28). If 242 

=0
P V

F F , go to next step; if not, go to step 2, and adjust the value of  . 243 

13. Repeat step 1 to 12 for the next 1 , the iterative process terminates when the 244 

compressive stress of UHPC reaches the value of 2maxf , or the strain of reinforcement 245 

bars reaches the yield stain; the corresponding shear force, V , is the shear strength of 246 

the UHPC beams. 247 

Experimental validation 248 

Test specimens 249 

According to SETRA-AFGC, 12 UHPC beams with different shear span to depth 250 

ratios and various shear stirrups were designed to investigate the shear behavior of 251 

UHPC beams with small shear span to depth ratios as shown in Fig. 8. The width and 252 
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height of the specimens were 0.2m and 0.8m, respectively. The longitudinal 253 

reinforcement ratio of the specimens was designed to be =1.00%  to avoid bending 254 

failure. Concrete cover and spacing between reinforcement bars were chosen 255 

according to the code provisions. The clear spans of the specimens were varied from 256 

1.84 m to 2.94 m, and the corresponding shear span to depth ratios were varied from 257 

1.17 to 1.96 as listed in Table 2. The volume fraction of steel fibers was designed to 258 

be 2% for all specimens, the length and diameter of the steel fibers were 13mm and 259 

2mm, respectively.  260 

Gravel with a maximum aggregate size of 10 mm was used, and the mix (list in 261 

Table 1) was designed to obtain a compressive strength of 120 MPa at 28 days. 262 

Aggregates, cement, and water were batched by weight and mixed in a drum mixer. 263 

The fibers were introduced last and dispersed uniformly. The 100 200  mm concrete 264 

cylinder specimens for compressive tests were also cast from the same mixes to 265 

determine the compressive strength. Based on the material tests, the modulus of 266 

elasticity and compressive strength of UHPC were tested to be =42.6GPa
c

E  and 267 

=120Mpa
c

f , respectively. The diameter of the longitudinal bars and stirrups with 268 

yield stress of 400Mpa were set to be 28mm and 8mm.  269 

The beams were tested under three-point loading condition as shown in Fig. 9. 270 

All of the test specimens were monotonically loaded over the full thickness so that the 271 

specimens would behave in two dimensions. Surface cracks were located by visual 272 

observation, and the monitoring of strain gauge data was placed on the key 273 

reinforcement as shown in Fig. 8. Dial gauges of 0.01 mm accuracy were placed on 274 
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the key locations to measure the deformation, average compressive strain and tensile 275 

strain of reinforced UHPC beams throughout the loading process. 276 

Behavior of UHPC beams under shear force  277 

For all specimens, test events progressed very similarly as indicated in Fig. 10. 278 

As for the specimen of B9 with the shear span ratio =1.74 , the load-deformation 279 

relationships obtained from dial gauges indicated that the beam exhibited similar 280 

linear behavior from initial loading to the occurrence of the first cracking as shown in 281 

Fig. 11, with the increment of shear force, a large number of bending cracks occurred 282 

at bottom of the beam, and propagated slowly towards the top of the beam, as a result, 283 

the stiffness of the beam gradually decreased. It also should be noted that the value of 284 

dial gauge placed on the web at the mid shear span to monitor the vertical strain of the 285 

UHPC beams, was unchanged until the occurrence of the first cracking as shown in 286 

Fig.12, which means that the shear force transferred from the loading point to the 287 

supports mainly through the arch action prior to cracking, moreover, the tensile tie of 288 

the truss action will move towards to the supports after cracking. When the load is 289 

=822kNP , a diagonal crack occurred and progressed along the compressive stress 290 

trajectories in the shear span. Thereafter, numerous of parallel diagonal cracks 291 

occurred in the web, and the crack spacing and crack width were small due to the 292 

existence of the steel fiber. Approaching the load of =3443kNP , the vertical strain 293 

measured by the dial gauges indicated that the stirrups reached the yield strain as 294 

shown in Fig. 12, that is, the shear compression failure happened and the 295 
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corresponding external force was the shear strength of the UHPC beams. With the 296 

load increasing, the main crack propagated quickly towards the loading point, and the 297 

reinforcement bars appeared rupture and the steel finer pulled out finally.  298 

Shear strength  299 

As stated before, when the stress of the UHPC reached the compressive strength 300 

or the strain of the reinforcement bars arrived at the yield stress, the UHPC beams 301 

reached its shear capacity. Then, following the theory of MCFT and taking into 302 

account the contribution of the compression zone, the shear strength of the UHPC 303 

beams with shear and moment can be obtained. Moreover, another 12 test results of 304 

UHPC beams were selected for validation, specimen F series were tested by Zagon 24, 305 

B25 and B50 specimens were tested by Amin 9. Table 3 lists the shear strength of 306 

UHPC beams predicted by the proposed method, traditional MCFT, and current 307 

design codes of SETRA-AFGC 7 and SIA 8. As can be seen, the stirrup ratio of the 308 

UHPC beams has little effect on the shear strength, which mainly governed by the 309 

shear span to depth ratio. The predictions of the proposed method have a good 310 

agreement with the test results, the average Prediction/Test value is 0.92 and the 311 

standard deviation is 7%. As for the UHPC beams with small shear span to depth ratio 312 

( 2.5  ), the design codes of SETRA-AFGC and SIA give an overly conservative 313 

results, the mean Prediction / Test of the test specimen is just 0.69 and 0.71, 314 

respectively. While for the case of 2.5  , SETRA-AFGC and SIA agree with the 315 

test results, the mean value of the Prediction / Test is 0.83 and 0.85, respectively. That 316 
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is, the design codes of SETRA-AFGC and SIA only can be used to predict the shear 317 

strength of the UHPC beams with 2.5  . Meanwhile, traditional MCFT method 318 

will also underestimate the shear capacity of the UHPC beams with small span to 319 

depth ratios, because the contribution of compression zones is neglected. 320 

Fig.13 shows the shear capacity calculated by the proposed method of 156 tested 321 

UHPC beams
 10, 24-31

. The shear span ratio ranged from 1.0 to 3.5, and the stirrup 322 

ratios varied from 0% to 3.42%. It can be seen that there is a certain discrepancy 323 

between the predictions and test results, because the area of the vertical tie in truss 324 

model is hard to define, which results a higher or a lower complementary energy. In 325 

general, the average predicted shear capacity are close and generally reflect the test 326 

results, the average value of /
pre Test

V V   is 0.88, and the standard deviation is 0.09. 327 

Thus, the proposed method is a conservative method for designation.  328 

Fig. 14 shows the effect of shear force and moment on shear strength of UHPC 329 

beams with different shear span to depth ratios. As can be seen, when 0.75  , the 330 

shear strength of UHPC beams is governed by the compressive strength of strut, while 331 

2.5  , the shear strength is controlled by the bending behavior of UHPC beams. 332 

The shear strength decrease rapidly with the bending moment on the cross section. 333 

However, this effect is not taken into account properly for current design codes, which 334 

leads a conservative prediction. 335 

Conclusions 336 

A simply method is proposed to predict the shear capacity of UHPC beams with 337 
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small shear span to depth ratios based on the MCFT, the contribution of compression 338 

zone is taken into account based on the plastic theory. Moreover, the Mohr-Coulomb 339 

criterion for UHPC with shear and compression has been developed. The following 340 

conclusions can be drawn: 341 

(1) The proposed method can predict the shear strength of UHPC beams with small 342 

shear span to depth ratios, the accuracy of the predictions has been validated by 343 

test. The mean values and standard deviation of the ratios of the experimental 344 

results to the predicted results based are 0.88 and 0.03, respectively. 345 

(2) It can be seen that the current design codes of SETRA-AFGC and SIA give overly 346 

conservative values for shear strength of UHPC beams when the shear span to 347 

depth ratios is less than 2.5. Meanwhile, the predictions based on the traditional 348 

MCFT are conservative in most cases, because the contribution of compression 349 

zones is neglected. 350 

(3) It should be noted that the UHPC beam failure occur due to concrete strut 351 

crushing when the shear to span ratio is less than 0.75, and the corresponding 352 

shear capacity can be predicted by the direct strut and tie model.  353 
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Figures

Figure 1

Shear forces on the cross section



Figure 2

Stress station of the UHPC elements under pure shear



Figure 3

Stress condition at a crack

Figure 4

Distribution of the longitudinal strain at cross section; (a) cross section; and (b) longitudinal strain



Figure 5

Mohr-Coulomb criterion for UHPC with shear and compression



Figure 6

Mohr-Coulomb criterion of the UHPC under compression and shear



Figure 7

Modi�ed MCFT model for UHPC members



Figure 8

Stress-strain relationships of the UHPC with reinforcement

Figure 9

Test of the UHPC specimens 



Figure 10

Crack pattern of the specimen



Figure 11

Load vs deformation of the test specimen

Figure 12

Average strain of the stirrups



Figure 13

Shear capacity of the UHPC beams with different shear to span ratios

Figure 14

Shear strength of UHPC beams with shear force and bending moment
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