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Abstract
Standing supports have been used in coal mines for decades to enhance roof support capability. Sometimes standing supports 
are used as a tool to resist the lateral movement of spalled ribs. Researchers from the National Institute for Occupational 
Safety and Health (NIOSH) are conducting a testing program for different types of standing supports (steel and timber) 
to investigate the effect of lateral loading on their vertical loading capacities and the factors affecting their lateral loading 
capacities. In this paper, the mine roof simulator (MRS), at the NIOSH Pittsburgh research facility, was used to determine 
the response of steel props to vertical and horizontal loadings. Finite element models (FEMs) were developed and verified 
using the tested steel props. To justify the testing program for testing standing supports with end-conditions of rock-like 
materials, the verified prop models were used to study the effect of a wide range of roof and floor materials (gray shale, 
shale, and claystone) on the critical buckling loads of the steel props. Also, several lateral loading scenarios were evaluated 
in which the steel props were laterally loaded at different heights. The critical buckling load for steel props setting up against 
a claystone roof and floor was found to be one-half of that shown by the MRS test where roof and floor platens are made 
of steel. Minimum prop performance was observed when the lateral load was applied at the mid-height of the steel prop, 
especially at small lateral displacement (less than 2 in).
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1  Introduction

Over the past decade, rib falls resulted in 16 fatalities, repre-
senting over 50% of the ground-fall fatalities in U.S. under-
ground coal mines. Statistical analyses on the fatality cases 
resulting from underground coal pillar rib falls from 2010 
to 2019 show that more than 70% of the accidents occurred 
during the development loading [1]. More recently, the falls 
of rib or face led to all three of the ground-fall-related fatali-
ties in 2018 and 2019.

Mine operators’ decisions concerning rib control and 
support guidelines are based on the Roof Control Plan 
Approval and Review Procedures Handbook [2]. Appendix 
O in this handbook provides information on the conditions 
that contribute to rib fall hazards and the available methods 
for protecting miners from rib falls. In fact, the design of rib 

supports in U.S. underground coal mines is based primarily 
on local practices and experience, rather than on the engi-
neering design process to manage and control rib hazards. 
The current rib supports fall into two main categories: rib 
control based on intrinsic supports and rib control based 
on external supports [3]. The intrinsic, or rib-bolt support, 
requires a roof bolting machine that can install a bolt fixture 
into the rib. Rib control with external supports could be 
achieved by stabilizing fractured rib through (1) controlling 
roof-to-floor convergence, (2) restraining detached rib slabs, 
or (3) providing additional confinement for spalled rib and 
impeding further rib failure when mesh is used. In some situ-
ations—such as unexpected rib sloughing when roof bolters 
are not available, prop-type standing supports could be the 
only choice to stabilize fractured ribs. When prop supports 
are used for rib control, it is very important that they be 
secured in such a manner that a hazard is not created because 
of dislodged supports.

Using inappropriate standing support design to control 
rib sloughing could lead to serious injuries and some-
times fatalities. For example, in a room-and-pillar mine, 
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an operator of a continues miner was killed when the vic-
tim was struck by a fallen rib. At the incident site, no rib 
supports of any type were installed for this hazardous rib. 
In most areas, timbers had been set adjacent to bad ribs, 
which did not control or prevent the ribs from falling [4]. 
Also, ignoring the importance of lateral loading capacity 
of standing support as a factor that could determine the 
stability of standing support could lead to serious out-
comes. For example, in a room-and-pillar mine, roof jacks 
dislodged by a fallen rib fall and one of the jacks struck a 
miner, resulting in fatal injuries [5]. The primary failure 
mechanism of wood crib supports is buckling [6]. Insta-
bility of the crib occurs when the support is incapable of 
transmitting induced vertical and horizontal forces through 
their structure to create the necessary force couples to 
maintain moment equilibrium. These moments induce 
buckling of the structure. It seems reasonable then that 
those shorter cribs will have less capacity when subjected 
to horizontal displacements once the critical buckling 
strength is reached. This behavior can also be addressed by 
physical observation of the curvature (profile) of the struc-
ture. At higher heights, the curvature, which is a measure 
of moment, is less than it would be for shorter heights for 
the same horizontal displacement.

The mine roof simulator (MRS) is a unique load frame 
that provides for efficient product development and perfor-
mance evaluation that closely simulates the in-service load 
conditions in the underground coal mines. Since the 1980s, 
the MRS has been used for decades to test the response 
(strength, stiffness, and stability) of various support systems 
for a wide range of load scenarios: uniform vertical load-
ing, asymmetric vertical loading, biaxial loading [7]. To the 
best of the authors’ knowledge, minimal research has been 
done to assess the performance characteristics of standing 
support systems for resisting lateral load and for those used 
to contain rib sloughing. Previous research investigated the 
effect of horizontal displacements (simulating floor heave) 
on wood crib stability by controlled biaxial displacement of 
full-scale wood crib supports [8].

The National Institute for Occupational Safety and Health 
(NIOSH) is currently developing a design methodology for 
evaluating rib support based on the inherent stability of the 
coal ribs and support methods (intrinsic and external) [9]. A 
testing program for standing supports is underway to provide 
an engineering-based design method for standing support as 
rib control tools. The testing program will provide informa-
tion regarding the lateral loading capacity of different types 
of standing supports from different manufacturers. The key 
factors affecting the response of standing supports subjected 
to lateral loading will be studied. These factors are the type 
of standing support (steel and timber), support geometry 
(shape, dimension), support structure (single-component or 
multiple-components), spatial location of the lateral load 

along the support, and end-conditions of support (rock 
strength).

2 � Problem Description and Methodology

In this paper, the following questions concerning single-
component steel props are addressed:

	 i.	 Do the end-conditions of steel prop affect its vertical 
loading capacity?

	 ii.	 Does the spatial location of the lateral load along the 
support affect its lateral loading capacity?

The application of the MRS test facility has been 
extended to include lateral testing for standing supports to 
evaluate the lateral loading capacity of standing supports. 
The response of steel props of different heights was studied 
under vertical and lateral loadings. Finite element models 
were developed and verified using the tested steel props. The 
verified model was used to answer the preceding questions 
and to justify the need for initiating a testing program using 
the MRS for testing standing supports with rock-like roof 
and floor end-conditions.

3 � Full‑Scale Testing for Steel Props

This study conducted full-scale buckling and lateral loading 
testing for steel props using the MRS. The props are ASTM 
A500 Welded Grade C pipes. The outside diameter and wall 
thickness of the pipes were 3.5 in and 0.25 in, respectively.

Full-scale testing of steel props represents the real con-
dition in coal mines, especially when synthetic rock foun-
dations will be included in the future tests. The plan is to 
conduct full-scale tests for different prop types to study the 
effects of end-conditions (rigid steel platens and soft synes-
thetic rock) on both vertical and lateral loading capacities 
of props. The cost of testing full-scale test specimens can 
increase significantly due to the number of test specimens, 
laboratory staff, and cost to run equipment. Also, the test 
site availability is very limited due to the unique capabilities 
and demand of the MRS. Therefore, for the primary study 
conducted in this paper, a limited number of full-scale prop 
tests were conducted.

3.1 � Vertical Load Capacity Tests

The objective of this test is to establish a baseline perfor-
mance for the tested steel props under vertical loading. Three 
steel props were of different heights (6 ft, 7 ft, and 8 ft).
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The steel prop was placed in the MRS with full roof and 
floor contact to establish uniform loading on the support. 
To simulate the convergence of the mine roof and floor, a 
controlled vertical displacement was applied at a rate of 0.05 
in/min to the prop by the load frame. Figure 1 shows an 8-ft 
prop that is straight before testing but buckled around the 
mid-height after testing.

The convergence of roof and floor platens of the MRS 
continued until the prop became unstable; then, the prop 
was unloaded gradually. Figure 2 shows the results of the 
steel prop tests. Test A was for a 6-ft-tall prop with a peak 
vertical load of 191 kips at 0.34 in of convergence. Test B 
was for a 7-ft-tall prop with a peak vertical load of 169 kips 

at 0.28 in of convergence. Test C was for an 8-ft prop with 
a peak vertical load of 148 kips at 0.28 in of convergence.

3.2 � Lateral Load Capacity Tests

The testing of steel props for lateral load capacity was also 
conducted in the MRS. A lateral loading fixture attached 
into the floor platen of the MRS (shown in Fig. 3) was used 
to apply lateral loading on tested steel props. The lateral 
load was applied via a hydraulic cylinder mounted on the 
lateral loading frame. The height of the fixture is about 6 ft 
tall, and the position of the hydraulic cylinder is adjustable 
so that the lateral load can be applied at the mid-height of 
the test specimen.

Two 8-ft-tall steel props were tested. Each prop was an 
ASTM A500 Welded Grade C prop with an outside diam-
eter of 3.5 in and a wall thickness of 0.25 in (same as the 
vertical tests mentioned above). In the first test (prop 
L1), plywood boards of 0.5-in thickness were placed at 
the top and base of the prop, and then, the prop was 
loaded vertically with a very small axial load of 13 kips 
(Fig. 3a). Then, the prop was loaded horizontally until it 
slipped (Fig. 3b). In the second test (prop L2), plywood 
boards of 0.5-in thickness were placed at the top and base 
of the prop, and the prop was restrained from horizontal 
movement at its ends with steel blocks at the top and 
base of the prop (Fig. 4). The prop was preloaded verti-
cally with 20 kips (Fig. 4a); then, the prop was loaded 
horizontally until it was deformed and became unstable 
(as shown in Fig. 4b).

Figure 5 shows the lateral loading results of the tested 
steel props. Test prop L1 with a preload of 13 kips and 
only frictional restraint at support boundaries exhibited a 
peak lateral load of 6.3 kips at 1.15 in of prop deflection. 
The initial vertical loading of Test L1 was not maintained 
during the test due to the low vertical loading, possibly 
within the range of MRS accuracy. The lateral loading 
was much better controlled because it was measured via 
a load cell.

Test L2, with a preload of 20 kips and a restraint with steel 
blocks at support boundaries, exhibited a peak lateral load 
of 10.79 kips at 3.57 in of prop deflection. When the prop 
pushes laterally, it bends and forms an arch between the MRS 
platens. This arching mechanism with stationary MRS plat-
ens explains the ability of support L2 to maintain about 13 
kips of lateral load while the vertical load was zero (Fig. 5).

4 � FEM Model for the Tested Steel Props

Finite element models were created for tested props and 
compared with MRS results. The elastic and yielding 
properties of the tested props are required to build the 

(a) before testing (b) after testing

Fig. 1   An 8-ft height prop

Fig. 2   Vertical load-displacement curves for three prop heights
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numerical models. Young’s modulus and Poison’s ratio 
of the ASTM A500 Welded Grade C pipe are 28 × 106 
psi and 0.3, respectively. The rated yield strength of the 
steel pipe is 46 ksi. The nonlinear stress–strain relation-
ship of the pipe, illustrated in Fig. 6, was calculated using 
the generalized Ramberg–Osgood equation (Eq. 1) and 
assuming that the yield stress be at 0.2% offset strain [10].

Prop (L1) before testing

Prop (L1) after testing

(a) 

(b) 

Fig. 3   Prop (L1) preloaded vertically with 13 kips

Fig. 4   Prop (L2) preloaded 
vertically with 20 kips

(a) Prop (L2) before testing

(b) Prop (L2) after testing

Fig. 5   Vertical and lateral support loads versus lateral support dis-
placement curves for two steel props of 13 kips and 20 kips vertical 
preloads
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where.
σ is the stress in psi.
ε is the strain.
E is Young’s modulus in psi.
σYS is the yield strength in psi.
n is a constant describing the hardening behavior of the 

material. Best match between finite element models and 
buckling tests for steel props was achieved by assuming n 
constant equals to 0.143.

The ANSYS [11] finite element models were developed 
to simulate the loading and deformation behaviors of the 
steel props. Figure 7 shows the model configurations for 
simulating steel props subjected to vertical and horizontal 
loadings in the MRS. The model consists of three main 
parts—roof steel platen, prop, and floor steel platen.

For simulating steel props subjected to lateral loading, 
steel blocks are bonded to the roof and floor platens to 
constrain the lateral movement of the prop at its ends. 
The plywood boards (see Figs. 3 and 4) were not included 
in the models. The lateral loading frame was simplified 
in the models by applying the lateral load on the prop 
via a steel pusher block (Fig. 7b). The roof platen was 
fully constrained, while the floor platen was constrained 
in the x-direction and z-direction. Steel props are loaded 
vertically by moving the floor platen in the y-direction. 
The steel pusher is constrained in the y-direction and 

(1)� =
�

E
+ 0.002 ×

(

�

�
YS

)1∕n

z-direction, and it is free to move in the x-direction to 
apply lateral load on the steel prop. A friction coefficient 
of 0.5 was assigned for the contacts between the steel 
props and both pusher and platens (Fig. 7). Elastic steel 
properties were assigned to all parts of the model, except 
the steel prop. Nonlinear stress–strain (see Fig. 6) was 
assigned for the steel prop in the finite element model.

Fig. 6   Stress–strain curve of 
ASTM A500 Welded Grade C 
pipe

(a) vertical loading (b) lateral loading

Fig. 7   Finite element model configurations

2005Mining, Metallurgy & Exploration (2022) 39:2001–2010



1 3

4.1 � Verification of the Steel Prop Model Using 
Vertical Loading Tests

Compression members, like steel props, could fail by one 
of two mechanisms: material failure or structural insta-
bility, which is often called buckling. Predicting prop 
failure was determined using finite element models, in 
which the prop was loaded gradually by displacing the 
floor platen until maximum vertical support capacity was 
achieved. The models assumed perfect prop geometry to 
eliminate the prop buckling mechanism. Figure 8 shows 
measured and finite element modeling (without buck-
ling) load–displacement curves for three prop heights. 
It shows that the FE model of steel prop successfully 
calculated the load–displacement relationships up to the 
measured peak loads. The ultimate load capacity of the 
simulated steel props is 229 kips, which is about 20% to 
50% more than the measured support loads. This means 
the three steel props were failed by buckling, not by 
material failure.

The Euler buckling theory can be used to predict buck-
ling for slender or thin‐walled components under com-
pressive stress. The Euler buckling theory is valid if the 
standing has a slenderness ratio that obeys the following 
inequality:

where E and �
u
 are the Young modulus and ultimate 

strength of steel prop. Therefore, tested steel props will be 
classified as long props if their slenderness ratio is greater 
than 56.

The slenderness ratio was calculated for the tested steel 
props using the following equation:

where,
k is a constant that depends on the restraints of the two 

ends of the steel prop, and k equals 0.5 for tested steel props,
L is the length of the steel prop, and,
I and A are the area moment of inertia and area of the 

cross‐section of the steel prop.
The calculated slenderness ratios for the 6-ft, 7-ft, and 

8-ft props are 31, 36, and 42, respectively. Therefore, 
Euler buckling is not applicable to predict the buckling 
of tested steel props. Alternatively, finite element mod-
eling can be used to calculate the critical buckling loads 
for the tested steel props.

Typically, the onset of buckling takes place in the 
elastic range, but for the tested steel props the onset of 
buckling can take place in the plastic range. To study the 

(2)Slenderness ratio of long prop >

√

(

𝜋2 × E∕𝜎
u

)

(3)
Slenderness ratio =

k × L
√

A

I

Fig. 8   Experimental and finite element modeling load–displacement 
curves for three prop heights
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buckling behavior of the tested steel props in the plas-
tic range along with nonlinear geometry considerations, 
imperfection in the geometry of the modeled steel props 
was imposed to promote prop buckling. Figure 9 shows 
the deformed shape of the modeled prop compared with 
the prop after testing. It shows that the deformed shape 
of the prop model is very similar to the deformed shape 
of the tested steel prop.

Figure 8 shows the modeling results of the three buck-
led prop models (solid black curves) compared with the 
corresponding test results (solid red curves). Prop A of a 
6-ft-tall prop has a peak vertical load of 179 kips at 0.33 
in of convergence. Model B of a 7-ft-tall prop has a peak 
vertical load of 166 kips at 0.31 in of convergence. Model 
C of an 8-ft-tall prop has a peak vertical load of 156 kips 
at 0.30 in of convergence.

Table 1 summarizes the measured and calculated critical 
buckling loads and corresponding vertical displacements. It 
shows that the prop model successfully calculated the criti-
cal buckling load for the tested prop with an error of 6% at 
maximum.

4.2 � Verification of the Steel Prop Model Using 
Lateral Loading Tests

Finite element modeling was used to calculate the lateral 
loading capacity for tested steel props L1 and L2 as a 
result of lateral displacement at their mid-heights. Fig-
ure 10 shows the deformed shape of the modeled prop 
compared with the prop after testing. It shows that the 
deformed shape of the prop model is very similar to the 
deformed shape of the tested steel prop. The deformed 
model clearly shows the rotations of prop ends and the 
development of arch action in the prop model.

Figure  11 shows the modeling results of the prop 
models compared with the corresponding test results. It 
shows the vertical and lateral support loads versus lateral 
displacement of the prop at its mid-height. As mentioned 
earlier, the 0.5-in-thick plywood boards at the top and 
base of the prop model were ignored in the simulation. 
Because of that, the support vertical loads were over-
predicted, especially for prop L1 with a small preload 
of about 13 kips. The predicted lateral load capacities 
for prop L1 and prop L2 agree with test results (see red 
curves in Fig. 11).

5 � Factors Affecting Lateral Loading Capacity 
of Steel Props

The verified FE steel prop model was used to study the 
effects of end-conditions on the vertical loading capacity 
of steel props. The effects of roof-to-floor convergence 
and the spatial location of the lateral load along the prop 
on the lateral loading capacity of steel props were studied 
using the verified FE steel prop model.

The roof and floor of the MRS are made of steel, 
which is about 20 times stiffer than the roof and floor 
rocks in underground coal mines. The responses of steel 
props were modeled assuming different types of roof and 
materials—steel, gray shale, shale, and claystone. The 

Test Model

Fig. 9   Deformed shape of prop model, loaded vertically, compared 
with test results

Table 1   Critical buckling load 
and corresponding vertical 
displacement

Prop height, ft Critical buckling load, kips Vertical displacement at critical load, in

Test Model Error % Test Model Error %

6 191 179  − 6% 0.34 0.33  − 3%
7 169 166  − 2% 0.28 0.31 13%
8 148 156 6% 0.28 0.30 7%
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material properties of the roof and floor materials are 
summarized in Table 2 [12].

Figure 12 shows the modeling results of the 8-ft prop 
models for different roof and floor materials. It shows that the 
elastic stiffness of the prop with claystone rocks was about 
half the stiffness of the prop with steel roof and floor material. 
Likewise, the maximum support load with claystone rocks 
was about 60% of the peak support load of steel props with 
steel roof and floor material. Figure 12 also shows that the 
effect of roof and floor material on the prop response became 
insignificant at large roof-to-floor convergence (about 0.6 in).

In the field, lateral support loading could happen at 
any heights along the standing support. Therefore, sev-
eral lateral loading scenarios were assumed in which the 
prop was laterally loaded at different positions: 0.1, 0.2, 
0.3, 0.4, and 0.5 of prop height (see Fig. 13). For slight 
lateral displacement, less than 0.5 in, the greatest lateral 
loading capacity was observed when the lateral load was 
applied near the prop ends, at about 0.1 prop height. 
The smallest lateral loading capacity of the support was 
observed at the mid-height of the steel prop. At higher 
lateral displacement, from 1 to 2 in, the greatest lateral 
loading capacity was observed at about 0.2 prop height. 

At a ratio of 0.1, the line of action of horizontal load 
was very close to the prop’s end (support); therefore, 
the moment was very small at the early stage of loading 
(~ 0.2 in.). But with further loading, a sudden movement 
was observed at the end of the prop (support). For very 
high lateral displacement, greater than 4 in, the effect 
of the position of lateral loading on the lateral loading 
capacity became irrelevant. These observations are use-
ful in determining the optimal height at which the exter-
nal standing support is in contact with the rib.

Test Model

Fig. 10   Deformed shape of prop model compared with test results of 
prop L2

Fig. 11   Experimental and finite element (FE) modeling load–dis-
placement curves for steel props L1 and L2
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6 � Summary

The National Institute for Occupational Safety and Health 
(NIOSH) is conducting this research project to reduce the 
number of rib-fall accidents in mines by developing an 
engineering-based design methodology that assesses the 
performance characteristics of various standing support sys-
tems used to contain rib sloughing. This study will provide 
information regarding the lateral loading capacity of different 
types of standing supports under full-scale performance test-
ing. From these observations, mining operations can improve 
their techniques for rib control. The findings discussed in this 
paper will also help in planning a full-scale testing program 
for using standing supports as a secondary method for rib 
control. The key findings of this paper are as follows:

•	 The tested steel props failed due to buckling in the pro-
cess of plastic deformation.

Table 2   Roof and floor material 
input parameters

Young’s modulus, 
psi × 106

Poisson ratio Cohesion, psi Friction angle, 
deg

Dilation 
angle, 
deg

Gray-shale 1.02 0.31 870 26 26
Shale 0.58 0.31 290 23 23
Clay-stone 0.44 0.31 174 22 22

Fig. 12   Finite element modeling load–displacement curves for 8-ft-
height prop for different roof and floor materials

Fig. 13   Finite element (FE) modeling load–displacement curves of 
prop L2 for different positions of lateral loadings
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•	 The modeled elastic stiffness of the steel props setting up 
against the claystone rocks has a reduced stiffness about 
half of that tested in the mine roof simulator (MRS).

•	 The modeled maximum support load with claystone roof and 
floor rocks was about 60% of that obtained by the MRS test.

•	 For slight lateral displacement, less than 0.5 in, the great-
est lateral loading capacity was observed when the lateral 
load was applied near prop ends, at about 0.1 prop height. 
For very high lateral displacement, greater than 4 in, little 
effect was seen of the position of lateral loading on the 
lateral loading capacity.
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